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ABSTRACT 


An evaluation was conducted of the various propulsion motors being considered 
for electric ship propulsion. The benefit of such an evaluation is that all of the propulsion 
options being considered by the U.S. Navy have been described in one document. The 
AC induction motor, AC synchronous motor, High Temperature Superconducting (HTS) 
motor and Superconducting DC Homopolar Motor (SDCHM) are examined. The proper¬ 
ties, advantages, and disadvantages of each motor are discussed and compared. The 
power converters used to control large propulsion motors are also discussed. The Navy’s 
IPS program is discussed and the results of concept testing are presented. Podded pro¬ 
pulsion is introduced and the benefits are discussed. The final chapter presents the simu¬ 
lation results of a volts/Hertz controlled 30 MW induction motor. The evaluation re¬ 
vealed that the permanent magnet motor is the best propulsion motor when considering 
mature technology, power density, and acoustic performance. HTS motors offer signifi¬ 
cant volume reductions and improved acoustic performance as compared to conventional 
motors. This includes both AC and DC HTS motors. The main obstacle for the SDCHM 
remains the unavailability of high current capacity brushes. 
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EXECUTIVE SUMMARY 


The U.S. Navy is currently developing an all-electric ship that will employ an In¬ 
tegrated Power System (IPS) and Integrated Electric Drive (lED). The IPS concept was 
proven by the Navy’s land-based IPS test site in Philadelphia, PA. Euture ships will em¬ 
ploy electric prime movers instead of using the mechanical gas turbine drives found on 
nearly all of the Navy’s surface combatants. The benefits achievable through the use of 
an IPS and lED include increased efficiency, increased reliability and survivability, re¬ 
duced fuel costs, and reduced manpower requirements. These benefits are possible be¬ 
cause an IPS and lED require fewer prime movers and auxiliary equipment than conven¬ 
tional propulsion systems. 

Several electric motors are being researched and developed for possible use in 
surface ships. The motor types include induction, permanent magnet, high temperature 
superconducting AC, and high temperature superconducting DC motors. Each motor is 
discussed in this study. 

The AC induction motor offers a robust design and high power density. The in¬ 
duction motor was used by the Navy to demonstrate the feasibility of employing an IPS 
on a surface ship. The U.K. has also selected the induction motor to be the prime mover 
in their Type-45 destroyer. Alstom Corporation is leading the industry in induction mo¬ 
tor development with their Advanced Induction Motor (AIM). 

Permanent magnet motors are more power dense than a comparatively sized in¬ 
duction motor. The permanent magnet motor has been chosen to provide propulsion 
power in the Navy’s DD(x) destroyer. They are also acoustically quieter. Three types of 
permanent magnet motor are discussed in this study. They include the axial flux, the ra¬ 
dial flux, and the transverse flux permanent magnet motors. Each motor has its unique 
advantages. 

High Temperature Superconducting AC (HTSAC) synchronous motors offer sig¬ 
nificant volume and weight reductions as compared to conventional motors. This is made 
possible because HTS wire has a much higher current density than conventional copper 
wire. Significant size reductions can be realized by using HTS wire in rotor construction. 

xvii 



The drawback to this technology is the requirement of keeping the HTS windings at a 
very low operating temperature. American Superconductor Corporation (AMSC) is cur¬ 
rently leading the industry in HTS motor development. AMSC is currently under con¬ 
tract with the Office of Naval Research (ONR) to develop an HTS AC motor for ship 
propulsion. 

The Superconducting DC Homopolar Motor (SDCHM) also uses HTS wire for 
rotor construction. The Navy first demonstrated the SDCHM in the early 1980’s in the 
NSWC test craft Jupiter 11. That motor used Low Temperature Superconducting (LTS) 
winding. LTS windings are susceptible to quenching, so they are not being pursued for 
use in current homopolar designs. General Atomics Corporation is developing the ho¬ 
mopolar motor in the U.S. for possible propulsion applications. 

Podded propulsion can potentially increase propulsion efficiency by as much as 
15%. Pods are widespread in the commercial shipping industry and in cruise liners. The 
Navy is researching them for possible use in surface ships. Pods reduce the amount of 
installed equipment and totally eliminate the need for long shaft lines. 

Several different types of converters are used to provide ideal operating power for 
the motors discussed in this study. Some of them include cycloconverters, synchrocon¬ 
verters, Pulse Width Modulated (PWM) converters, and Pulse Frequency Modulated 
(PFM) converters. PWM converters can be either voltage source or current source in¬ 
verters. Power semiconductor device technology is driving power converter technology. 
Power converters are limited by the voltage and switching characteristics of the semicon¬ 
ductor devices. 

The final chapter includes 30-MW induction motor simulation that uses 
volts/Hertz control. Upon comparison with the simulation of a smaller motor, the simula¬ 
tion results revealed that the volts/Hertz control method is not sufficient for very large 
motors. The larger motor did not follow its commanded speed during load fluctuations 
and there were also excessive torque pulsations that are undesirable. 



I. INTRODUCTION 


A. INTRODUCTION TO IPS AND ELECTRIC PROPULSION 

Mechanical propulsion drives have dominated naval surface ship propulsion for 
the past half-century. The Navy’s newest warships will rely on electric propulsion and 
will incorporate an Integrated Power System (IPS). The basic principle of an IPS is that 
the same generators can be used to provide power for propulsion and ship services. The 
ability to use the same prime mover to provide all of the ship’s power needs will reduce 
the number of installed prime movers and their associated equipment. This will unlock 
propulsion power for other uses and help reduce fuel, maintenance, and manning costs 
throughout a ship’s lifecycle. The DD(x) destroyer will be the first U.S. Navy ship to 
employ an IPS and Integrated Electric Drive (lED). 

1, Background on the DD(x) 

a. DD-21 Zumwalt Class 

At the end of the Cold War, the U.S. Navy identified the need for an ad¬ 
vanced warship capable of countering the threats of the Post-Cold War era. Specifically, 
the Navy wanted a ship with the capability of operating in and dominating littoral battle 
areas. The new ship was initially named the DD-21 land attack destroyer. In July 2000, 
President Clinton named the ship the DD-21 Zumwalt class destroyer, after the late ADM 
Elmo R. Zumwalt, Jr. 

b. DD(x) 

In November, 2001 the Navy announced that it would rename the DD-21 
and call it the DD(x) to accurately reflect the program’s purpose which is to produce a 
family of advanced surface combatants and not just a single ship class. Other ships under 
DD(x) could include the advanced cruiser CG(x) and the Eittoral Combat Ship (ECS). 
These ships will employ advanced weapon systems, multifunction radars, IPS, and lED. 


I 



B, HISTORY OF ELECTRIC PROPULSION AND IPS 

1. Historical Use of Electric Drives on Surface Combatants 

The use of eleetric propulsion is not a new eoncept for the U.S. Navy. As far 
back as 1913, the Navy Collier Jupiter - which was converted to America’s first aircraft 
carrier - U.S.S Langley, used electric propulsion [1], Langley’s propulsion system used 
steam-powered turbine generators and Alternating Current (AC) propulsion motors [1]. 
The success of the propulsion system prompted the use of electric drive in U.S.S New 
Mexico and five successor battleships [1]. The Navy’s second and third aircraft carriers, 
U.S.S Lexington and U.S.S Saratoga also used a turbo-electric drive [1]. 

a. Geared Turbines Replaced Electric Drives 

During the 1930’s, electric drives were phased-out in favor of geared- 
turbine drives [1]. This was made possible by the improvements being made in reduction 
gear technology [1]. The geared turbine drive was both smaller and lighter than the elec¬ 
tric drive and was able to meet the Navy’s requirements for ever-higher speed [1]. Me¬ 
chanical or geared propulsion has been used in surface combatants ever since. 

b. The Return to Electric Propulsion 

Technological advances have enabled the return of electric drives in sur¬ 
face combatants. Beginning approximately fifteen years ago, advances in high-powered 
AC motors led to their growing use in cruise ships, cargo carriers, and cable layers [1]. 
Even prior to this, the Navy was researching the use of superconducting and homopolar 
motors to increase the power density of shipboard electric machines [1]. In the early 
1980’s, the Navy demonstrated a 3,000 HP superconducting homopolar drive on the Jupi¬ 
ter II test craft [1]. Because of further improvements in superconducting material tech¬ 
nology, the Navy is once again researching the superconducting DC homopolar motor for 
ship propulsion. The Navy is also investigating high temperature superconducting AC 
synchronous motors, permanent magnet synchronous motors, and induction motors for 
ship propulsion. 
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C. PROPULSION OPTIONS FOR THE ELECTRIC SHIP 


One of the most important eonsiderations in a new ship design is the method of 
propulsion to be used. By using eleetrie motors for propulsion, shipbuilders will no 
longer be constrained by the placement of an in-line reduction gear and shaft placement. 
With proper motor selection, electric propulsion can eliminate the need for a reduction 
gear and significantly reduce the length of the shaft (or eliminate it altogether). 

1. Possible Configurations 

The Navy has been investigating two methods of electric propulsion for possible 
use in a future ship design. The first uses a prime mover and shaft configuration, similar 
to the mechanical drives found in nearly all surface ships. This method is considered in¬ 
hull propulsion. The second method uses direct-drive podded propulsors similar to those 
found in commercial shipping and in cruise liners. Although the Navy has decided not to 
use podded propulsion in its newest ship, the method will be discussed in this study be¬ 
cause of its potential use in later ship designs. 

a. In-Hull Propulsion 

In this configuration, the prime mover is located inside the hull of the ship. 
Rotational torque is transferred to the propeller by using a shaft that extends aft from the 
prime mover and penetrates the hull of the ship. The propeller is connected to the end of 
the shaft and converts rotational torque into forward and reverse thrust. This method of 
propulsion requires additional equipment such as shaft bearings at bulkhead penetrations, 
shaft seals at hull penetrations, and a rudder to provide steering control for the vessel. 
With the exception of an electric prime mover, this method is currently employed in all 
surface combatants. Although this method still requires the use of a shaft, significant re¬ 
ductions in shaft length are possible due to increased flexibility in locating the prime 
mover within the ship. 

b. Podded Propulsion 

The second propulsion method involves the use of Podded Propulsors 
(Pods). Pods are widespread in the cruise liner industry and in commercial shipping. 

Pods can be directly driven or indirectly driven. In a direct driven pod, the prime mover 
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is located outside of the ship’s hull inside an enelosure or pod. This allows the propeller 
to be mounted directly to the prime mover, eliminating the need for an in-hull shaft. Indi¬ 
rectly driven propulsors, also known as azimuthing thrusters, usually have their prime 
mover loeated inside the ship. In this configuration, a gearing meehanism connects the 
prime mover to the propulsor. The Navy is mainly interested in direct driven propulsors 
due to the inereased noise level assoeiated with the gearing in the indirect method [2]. 
Direct drive pods eliminate the need for a shaft and overeome the problems assoeiated 
with hull penetrations. Since the propulsion pod is mounted to the ship’s hull, steering 
control can be obtained simply by allowing the pod to rotate through 360°. This eapabil- 
ity eliminates the need for a rudder. Changing the prime mover’s direetion of rotation 
provides forward and reverse thrust. 

2. Competing Electric Motor Technologies 

a. AC Motors 

There are four AC motors that are competitive for the 19-52 Megawatt 
(MW) naval propulsion markets [3]. The motor types include: 1) Field Wound Synchro¬ 
nous Machines (FWSM), 2) Squirrel Cage Induction Machines (SCIM), 3) Permanent 
Magnet Synehronous Machines (PMSM), and 4) High Temperature Superconducting AC 
Synchronous Machines (HTSAC) [3]. The SCIM, PMSM, and HTSAC motors will be 
discussed and their qualities and shorteomings will be compared. The size and weight of 
the FWSM prohibits its use in surface combatants [3]. For this reason, the FWSM will 
not be examined in detail. 

b. DC Motors 

The Navy began researehing Supereondueting DC Homopolar Motors 
(SDCHM) in the early 1980’s when an SDCHM homopolar motor was suecessfully dem¬ 
onstrated on the test craft Jupiter 11. SDC homopolar motors will be discussed in detail 
in Chapter VI. 

Other DC motors are not being widely eonsidered because of a laek of 
available brush and slip-ring technology. Additionally, DC motors require a signifieant 
amount of maintenance on their brushes, which further deters their use in shipboard pro¬ 
pulsion applications [4]. 
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D, POWER GENERATION AND DISTRIBUTION 


1. Segregated and Integrated Power Systems 

a. Segregated Power System 

Currently, all U.S. Navy surface ships employ a segregated power system 
to provide electricity to various systems on the ship including propulsion, weapons and 
ship services. In a segregated power system, there are separate prime movers that pro¬ 
vide propulsion power and ship service power. For example, in the DD-963 and the CG- 
47 classes of surface combatants, four large gas turbine engines are used strictly for pro¬ 
pulsion. Three smaller gas turbine engines are used for electric power generation. Power 
is distributed throughout the ship via large switchboards and busses. The segregated 
power system requires seven prime movers to provide propulsion and auxiliary power. 

b. Integrated Power System (IPS) 

The Navy plans to use an IPS in future electric ships that will provide 
electric power for propulsion, weapons, and ship services. An IPS can reduce the number 
of installed prime movers from seven to four or less. By using a network of distribution 
busses and switching, an IPS can ensure that vital systems receive electric power in casu¬ 
alty situations. The IPS will provide the ability to rapidly reconfigure the electrical dis¬ 
tribution system in the event of a combat equipment casualty. Figure 1 provides a com¬ 
parison of the segregated and integrated power systems. The figure demonstrates the re¬ 
duction of installed prime movers in the IPS as compared to the segregated system. 
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Figure 1.1. Comparison of the segregated and integrated power systems (From 

Ref 5.) 

E. BENEFITS OF RETURNING TO ELECTRIC PROPULSION 

The benefits of integrated systems inelude the unloeking of propulsion power [2], 
a reduetion in the number of installed prime movers, inereased fuel savings and improved 
design flexibility [6]. Performanee benefits aehievable through the use of eleetrie propul¬ 
sion include increased survivability and reliability, and reduced maintenance and man¬ 
ning requirements [6]. 

1, The Unlocking of Propulsion Power 

The primary reason for implementing electric propulsion is the ability to unlock 
propulsion power for other uses [2]. Current ship designs do not fully employ the 80-100 
MW of installed power. With electric propulsion and an IPS, power that is not used for 
propulsion can be used for other purposes such as high-powered pulsed weapons. 
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2, Cost 

a. Fuel Cost 

Significant fuel savings can be realized through the use of an IPS and elec¬ 
tric drive. Estimates predict that there will be fuel savings of approximately 25 percent 
depending on which ship is used for comparison [7]. For example, industry data show 
that DD(x) outfitted with advanced gas turbine engines, IPS and electric drive systems 
will, on the average, cost approximately $80 million less per ship for fuel throughout its 
service life than the Navy's Arleigh Burke-class (DDG-51) destroyer [7]. With thirty-two 
ships planned, the fuel savings over the class lifecycle will be $2.56 billion, which is 
enough to purchase three additional ships [7]. These estimates may not solely be based 
on a reduction of installed prime movers but may also include the hydrodynamic effi¬ 
ciency benefits of podded propulsors [2]. 

b. Manpower Costs 

Shipboard propulsion equipment requires a great deal of care and mainte¬ 
nance for its safe and proper operation. Reducing the amount of installed equipment re¬ 
duces manpower requirements and therefore cost. Additionally, a great deal of automa¬ 
tion is possible with the IPS, which will further reduce manning levels. Estimates predict 
that IPS and electric drive can reduce manpower levels by up to two-thirds [7]. 

3. Design Flexibility 

The ubiquitous mechanical gas turbine propulsion system occupies an enormous 
amount of ship volume. This type of system is very large and allows little design flexi¬ 
bility. Gas turbine systems also require a great deal of auxiliary systems and equipment 
in order to function properly. Auxiliary equipment includes hydraulics, compressed air, 
cooling, shafts, shaft bearings, and shaft seals. Reducing the amount of auxiliary equip¬ 
ment frees up ship volume, which can be used for weapons, sensors, or crew comfort. 
Eliminating the need for separate generators for the production of electrical power frees 
up additional volume. Electric prime movers allow additional flexibility because copper 
cabling is less restrictive than a shaft arrangement. This allows ship designers to locate 
propulsion motors in such a way that optimizes the use of ship volume. Reducing restric- 
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tions on equipment plaeement during the shipbuilding proeess inereases design flexibil¬ 
ity. 

4, Survivability and Reliability 

Eleetrie propulsion and the modularity of the IPS will inerease ship survivability 
and reliability by providing rapid isolation and redistribution of vital eleetrie power dur¬ 
ing easualty situations. To meet survivability and reliability requirements, the ship ser- 
viee distribution system will use a zonal arehiteeture that will provide redundaney in 
emergeney situations [8]. Additionally, eleetrie propulsion is expeeted to reduee noise, 
vibration, and heat signatures, thereby inereasing the ship’s ability to avoid deteetion by 
enemy forees [8]. These benefits are aehievable through the use of fewer prime movers 
and the elimination of mueh of the hardware assoeiated with a meehanieal drive. 

F, ELECTRIC MOTOR FUNDAMENTALS 

Rotating maehines operate through the interaetion of magnetie fields in the sta¬ 
tionary and rotating portion of the maehine. Torque is produeed in the maehine when the 
magnetie fields try to align with one another. This seetion is intended to provide a review 
of the basie eonstruetion and operation of rotating maehines. For simplieity, three-phase 
maehines will be diseussed, although a shipboard propulsion motor is likely to eontain 
more than three phases. 

1, Stator Construction 

The stator is the stationary part of an AC maehine. Synehronous and induetion 
motor stators are alike. A simple three-phase stator is eonstrueted by using three separate 
eoils of wire eaeh spaeed 120° apart. Exeiting the stator windings with a three-phase set 
of eurrents produees a rotating magnetie field of eonstant magnitude. Normal AC ma- 
ehine stators eonsist of several eoils of eopper wire in eaeh phase, distributed in slots 
around the inner surfaee of the stator [9]. Figure 1.2 shows an AC maehine stator with 
preformed stator eoils. 


8 




Figure 1.2. An AC motor stator with preformed stator coils (From Ref 9.) 

2. Rotor Construction 

a. Induction Motor 

Induction motors have either wound rotors or squirrel cage rotors. 

(1) Wound Rotor. Wound rotors are constructed using the 
same principle as stator construction. 

(2) Squirrel Cage Rotor. The SCIM rotor has conducting bars 
embedded in grooves that are etched in the surface of the rotor along the direction of the 
rotor axis [9]. The conducting bars are placed around an iron core. To allow current 
flow in the bars, the bars are shorted at either end of the rotor by large shorting rings [9]. 
Squirrel cage rotor construction is shown in Figure 1.3. The rigid construction of this 
type of rotor contributes significantly to the robustness of the SCIM. 

Conductor 



Figure 1.3. Squirrel cage rotor construction (From Ref. 9.) 


9 


b. Synchronous Motor 

Synchronous motors have either wound rotors or permanent magnet ro¬ 
tors. Figure 1.4 eompares the two types. 

(1) Field Wound Rotor. Field wound rotors are of the salient 
pole type. Salient pole rotors are constructed of protruding pole assemblies bolted or 
dovetailed to a magnetic rotor hub [10]. The rotor poles are wound with magnetie wire to 
produee a rotor magnetic field [10]. This type of construction requires an external cireuit 
for field excitation. The FWSM is appropriate for large vessels such as icebreakers and 
auxiliary ships but its large size and weight make it unaceeptable for use in surface eom- 
batants [3]. 



(a! ibl 

Figure 1.4. Structure of synchronous motors: (a) permanent magnet rotor (two- 
pole); (b) salient-pole rotor (two-pole) (From Ref 13.) 

(2) Permanent Magnet Rotor. Permanent magnet rotors re- 
eeive their field exeitation from permanent magnets mounted around the surfaee of the 
rotor instead of from field windings. A major advantage of PM synchronous motors is 
that slip ring or brushless exciter assemblies are not required [10]. This eliminates exci¬ 
tation losses, whieh are a major power loss component in field wound motors [10]. 
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G. CHAPTER I CONCLUSION AND THESIS OVERVIEW 


Chapter I has introduced the Navy’s Electric Ship Program and IPS and has pre¬ 
sented many of the benefits of implementing an IPS. The electric motors currently being 
investigated for possible employment have also been introduced. The propulsion options 
that have been considered for use in future ship designs were introduced and they in¬ 
cluded in-hull propulsion and podded propulsion. Rotating machinery fundamentals 
were presented as a primer for the discussion of the various motor types that follows. 

This thesis will examine the various motors being researched for propulsion ap¬ 
plications. The properties, advantages and disadvantages of each motor and their associ¬ 
ated drives will be compared. The current technology status of each motor will also be 
presented. Results from the Navy’s IPS test platform will be presented and analyzed. 
The properties and benefits of using pods will also be investigated. Finally, a hypotheti¬ 
cal 30 MW propulsion motor and its associated controller are modeled using MATLAB. 
Chapter II will examine the induction motor and discuss its properties and the current 
status of induction motor technology. 
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II. AC INDUCTION MOTORS 


A. INTRODUCTION 


AC induction motors are the most employed eleetrie machines in the world today. 
Induction motors are used extensively in industry and in households because of their low 
eost and rugged construction. One of the major advantages of the induction motor is its 
mechanical simplicity. The simple and rugged construction of the induction motor con¬ 
tributes to its reliability and makes it attractive for shipboard propulsion applications. 
There are two types of induction motors, the Squirrel Cage Induction Machine (SCIM) 
and the Field Wound Induction Machine (FWIM). This chapter discusses the operational 
properties of the SCIM. The large size of the FWIM prohibits its use as a ship propulsion 
motor, so it will not be discussed. 

B, THEORY OF OPERATION 
1, Torque Development 


The name induction motor arises from the nature of the developed torque [11]. 
Torque is developed when voltage is applied to the stator and eurrent begins to flow in 
the stator windings. The stator winding eurrents produce a magnetic field that rotates in a 
eounterclockwise direetion. The changing magnetic field of the stator induces Electro 
Motive Forees (EMF) in the rotor eage winding. The indueed EME causes current flow 
and Magneto-Motive Eorees (MMF) in the rotor windings. In turn the rotor MMFs pro¬ 
duce a magnetic flux pattern, which also rotates in the air gap at the same speed as the 
stator-winding field [11]. The speed of rotation of the magnetic field is termed synehro- 
nous speed and it is given by [9]; 


n 


sync 


120 /. 

P 


( 2 - 1 ) 


where/. is the excitation frequency in Hz and p is the number of poles in the maehine. 
The rotating magnetie field, 8$, passes over the rotor bars or windings and induces a volt¬ 
age in them and causes rotor eurrent to flow. The rotor current flow produees a rotor 
magnetie field Br [9]. The torque indueed by the two magnetic fields is given by [9]; 
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(2-2) 


'^ind ^ 65 X 65 - 

The value of k in Equation 2-2 is a eonstant that depends on the system of units used to 
express Br and Bs [9], Sinee the indueed torque is in the eountereloekwise direetion, the 
rotor aeoelerates in the eountereloekwise direetion. The rotor can be accelerated to a 
speed at which the electromagnetic torque is balanced by the load torque [11]. When the 
load torque balances the electromagnetic torque, the motor’s speed becomes steady. 

2. Slip 

The voltage induced in a rotor bar depends on the speed of the rotor rela¬ 
tive to the magnetic fields. Slip is the term that is used to describe the relative motion of 
the magnetic fields and the rotor. Slip is expressed on a percent basis by the following 
equation [9]; 

^p/o] = -100% ^ 

^sync (2-3) 

where is the rotational speed of the magnetic field and is the rotor speed. Equa¬ 
tion 2-3 assumes a two-pole machine. Eor a/?-pole machine, Equation 2-3 becomes: 

(2/ p)n —n 

S[%] = - - ■ 100%. (2-4) 

i^/pXync 

Notice that if the rotor were to turn at synchronous speed, 5 = 0; while if the rotor is sta¬ 
tionary, 5 = 1. All normal motor speeds fall somewhere between those two limits [9]. 

3. Induction Motor Losses 

Ideally, ship propulsion motors should operate with the smallest value of 
slip possible. This is due to the fact that the rotor copper losses are equal to the air-gap 
power times the slip [9]. This relationship is given by the following [9]: 

^RCL ~ ( 2 - 5 ) 

where is the rotor copper loss, 5 is the slip and is the air-gap power. Losses in 

the induction motor have a negative affect on the efficiency and therefore need to be 
minimized. Efficiency is given by [9]: 
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( 2 - 6 ) 


;7[o/o] = :^.100% 

^in 

where 7 is the effieieney, is the output power, and is the input power. 

The I^R losses are the first losses eneountered in the induetion motor and they 
oeeur as stator eopper loss [9]. Power is also lost in the stator in the form of hystere¬ 
sis and eddy eurrents. These are eonsidered eore losses, The power remaining 

is transferred to the rotor of the maehine through the air-gap between the stator and the 
rotor [9]. After the power is transferred to the rotor, some of it is lost in the form of I^R 
losses, Pj^^^ [9]. Other losses in the maehine include frietion and windage losses, P^ and 

P^ respectively [9], and stray magnetic losses. The output power is found by sub¬ 
tracting the machine’s losses from the input power, P ^^. 


C. TECHNOLOGY DEVELOPMENT 

1, Advanced Induction Motor 

Improvements in induction motor technology over the last several years have 
made induction motors ideal candidates for ship propulsion applications. Alstom Corpo¬ 
ration’s Advanced Induction Motor (AIM) has been evolving over the past 15 years [12]. 
It was primarily developed for applications where low speed and high torque are re¬ 
quired, such as in ship drives [12]. The AIM has a very high power density that makes it 
ideal for warship propulsion where space is at a premium [12]. The AIM was selected in 
1995 for the U.S. Navy’s IPS program and it was selected to be the primary propulsion 
motor for the next generation of U.K. warships, the Type-45 destroyer [12]. This section 
discusses some of the important properties of the AIM that make it ideal for propulsion 
applications. 

2, Power Density 

In applications requiring a low-speed, high-torque drive, the design of the induc¬ 
tion motor can be optimized to increase the power density without any penalties in per¬ 
formance [12]. The Air Gap Shear Stress (AGSS) is one measure of power density in an 
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induction motor [12], The AGSS is the force per unit area on the rotor surface due to the 
motor torque and is given by [12]; 


cr„ = - 


27ir I 


(2-7) 


where cr^ is the AGSS, r is the motor torque, is the rotor radius, and is the rotor 

core length [12], Power density has been increased in the AIM through optimizing the 
electromagnetic design of the rotor [12], Equation 2-7 indicates that the torque produced 
by an induction motor is directly proportional to the magnetic forces. Optimizing the 
electromagnetic forces increases torque and the AGSS. Table 2.1 provides a comparison 
of the AGSS of the AIM with other motor technologies. Note that the AIM AGSS is ap¬ 
proaching that of the permanent magnet synehronous motor, which is described in the 
next chapter [12]. 


Motor 

.Xirgap Shear Stress 
(kNnf^ 

Standard large industrial induction 
mt>tor 

15 

High performance industrial 1500 
rpm induction minor 

55 

Tow speed mill motor (origins of the 
ATM)(1002) 

45 

IPS .Motor for US Navy. 10 MW at 
150 rpm. (1007) 

76 

Gurrent AIM design. 20 .MW at 180 
rpm. (2002) 

100 

Permanent Magnet Motor 

120 

High 1 emperature Superconducting 
Motor. 25 .MW at 120 rpm 

540 


Table 2.1. Air gap shear stress comparison (From Ref. 12.) 


16 



3. Motor Cooling 

High power-density motors must have an efficient method in place for cooling. 
Alstom’s AIM is fundamentally an air-cooled machine, but can use an air/water heat ex¬ 
changer when required [12], The AIM uses stator and rotor core construction incorporat¬ 
ing radial ventilation ducts that are provided using a patented Alstom method known as 
“pin-venf’ [12], The pin vent method provides an efficient way of removing heat from 
the windings [12], 

4. Signature Reduction 

Noise signature reduction is obviously an important consideration in warship pro¬ 
pulsion. A standard induction motor is not normally regarded as suitable where a low 
noise signature is required, since the combination of a slotted stator and rotor together 
with a small air gap produce significant levels of force on the stator teeth and, hence, high 
noise levels [12]. In order to reduce noise levels, the forces that are responsible for pro¬ 
ducing the noise need to be reduced. Electromagnetic forces in the AIM are reduced by 
selecting the appropriate number of stator and rotor slots, poles, and phases [12]. This 
minimizes the number and amplitude of forcing frequencies [12]. Further noise reduction 
is possible through advanced structural dynamics and mounting methods. The structural 
dynamics of the AIM and its mounting structure are designed to provide minimal noise 
transmission [12]. 

In a ship propulsion application in steady state operation, the power required by 
the propeller is proportional to the speed cubed [12]. Since a ship spends much of its 
time operating at less than 50% full power, additional noise signature improvements can 
be achieved by taking advantage of this cubic power dependence [12]. Also, decreasing 
the quantity of cooling air at reduced speed and power can reduce ventilation noise [12]. 
An optimized strategy for motor flux control is employed at reduced speed to minimize 
electromagnetic noise [12]. Further noise reduction is possible through the careful selec¬ 
tion of an appropriate converter for the drive. This is discussed in a later chapter. 
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5. 


Shock Performance 


Compared to other types of rotating eleetrieal maehines, an induetion motor is in¬ 
herently robust [12], The rotor in the AIM is of simple eonstruetion, with solid eopper 
eonduetors. The eonduetors are eontained in slots in an iron eore without the use of insu¬ 
lation [12], AIM designs have been qualified to US Navy and Royal Navy shook stan¬ 
dards [12], 

6, Cost 

Sinoe the SCIM has a very simple design and is inherently robust, it is less expen¬ 
sive than a similarly rated PMSM. The SCIM is approximately 15% less expensive than 
the PMSM [3], 

7. Size and Weight 

The SCIM is roughly the same size as an equally rated PMSM, but it is muoh 
lighter. A 20 MW, 6-pole, 6-phase maohine weighs approximately 80 tons whereas a 
oomparatively sized PMSM weighs approximately 100 tons. 

D, CHAPTER II CONCLUSION 

This ohapter has introduoed the induetion motor, its theory of operation, and some 
of its physioal properties that make it suitable for ship propulsion. The eurrent status of 
induetion motor development was presented with the diseussion of Alstom’s AIM. The 
AIM has been demonstrated in the U.S. Navy’s IPS program (deseribed in Chapter VII), 
and the U.K. Royal Navy seleeted it for use in the Type-45 destroyer. Although the AIM 
has been proven to be ideal for ship propulsion, work is ongoing to develop the PMSM 
for ship propulsion. Permanent magnet motors are expeeted to have signifieant advan¬ 
tages in size and weight as eompared to eonventional wound motors [3]. Chapter III dis- 
eusses the PMSM and the eurrent status of its development. 
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III. AC SYNCHRONOUS MOTORS 


A. INTRODUCTION 

Synchronous motors are widely used in eommereial shipping, large auxiliary ships, 
and cruise liners. This includes both the FWSM and the PMSM. The PMSM has re- 
eeived favorable eonsideration as a ship propulsion motor beeause of its power density 
and quiet operation. The U.S. Navy is eurrently planning to use the PMSM to provide 
propulsion for the DD(x). This ehapter diseusses basie PMSM motor theory, the differ¬ 
ent types of PMSM, their physieal properties, and the eurrent status of PMSM teehnology 
development. The FWSM is too large for use in a surface combatant, so it will not be 
discussed in this chapter. 

B, THEORY OF OPERATION 

1, Basic Operating Principles 

Synchronous motors operate on the same basic phenomenon as induction motors. 
The main difference is that the rotor magnetic field is not induced, but rather is provided 
by an external excitation circuit in a field wound motor or a magnet in a permanent mag¬ 
net motor. The description that follows is based on a permanent magnet motor. 

a. Torque Development 

Torque is produced in an AC synchronous motor in the same manner that 
it is produced in an induction motor. Torque results from the interaction of two magnetic 
fields. Stator currents produce a magnetic field in the stator that interacts with the field 
from the permanent magnets on the rotor. When the two fields try to align, torque is pro¬ 
duced and the machine turns. 

b. Magnetic Flux and Induced EMF 

The operation of the synchronous motor is possible due to the magnetic 
flux produced by the permanent magnet and the induced EMF in the stator winding. The 
permanent magnet on the rotor produces a flux (j)^ in the air gap. The flux rotates at syn¬ 
chronous speed, o)^ rad/s, which is the same as the rotor speed [13]. The flux linking 
one of the stator phase windings, for example phase a, varies with time [13]; 
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<t>fait) cot 


(3-1) 


where 


(X) = ln f 



(3-2) 


and p is the number of poles in the motor [13]. Assuming that is an equivalent num¬ 
ber of turns in eaeh stator phase winding, the emf induced in phase a is [13] 




d<l>fa 

dt 


= coN^^y coscot. 


(3-3) 


The induced voltage in the stator winding is the excitation voltage and its rms value is 

( 3 - 4 ) 


In accordance with normal convention, the amplitudes of voltage and current phasors are 
represented by their rms values and the amplitudes of flux values are represented by their 
peak values [13]. Representing and (f)^^ as phasors at (ut = 0 with Ey^ being the ref¬ 
erence phasor in Figure 3.2: 

(3-5) 


Efa=j^<l>fa=Ey^. (3-6) 

The frequency of the voltage applied to the stator of a synchronous motor is [13]: 

/ = (3-7) 

The fundamental frequency components of these stator currents produce a constant am¬ 
plitude flux (j)^ in the air gap that rotates at synchronous speed [13]. The amplitude of (j)^ 
is proportional to the amplitudes of the fundamental frequency components in the stator 
currents [13]. 
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Figure 3.1 shows the phasor diagram eorresponding to the quantities diseussed herein. 
Also shown in Figure 3.1 is the synchronous motor equivalent circuit (one phase). Figure 
3.1 should be referred to in the description that follows. 




Figure 3.1. Per-phase representation; (a) phasor diagram; (b) equivalent circuit; 
(c) terminal voltage (From Ref. 13.) 


The flux linking with phase a due to (j)^ produced by all three stator currents is 
<I),X^) [13]. This flux is proportional to the phase a current 4(0 [13] (see Figure 3.1); 




(3-8) 


The voltage induced in phase a due to is from Equation 1.19; 


e ™(0 = 


NA<t>.a 

dt 



If we assume that the fundamental component of the supplied current to the stator phase a 
is [13]; 

4(0 = V2-4sin((yt +J), (3-9) 
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(3-10) 


then the induced voltage in phase a is [13]; 

(0 = V 2 • (oLJ^ cosiat + 5) 

where 5 is the torque angle [13]. Representing 4 and as phasors [13]; 

(3-11) 

E: = jaLX = aLJe~‘’. (3-12) 

The air-gap flux linking the stator phase a is the sum of (f)^^ (t) and (f)^^ (t) , which can be 
written in phasor form as [13]; 

( 3 - 13 ) 

The air-gap voltage due to the air-gap flux in phasor form is [13]; 

1: =Y~,= Y~, -r jcolT . (3-14) 

ag^a fa sa ja J a a V / 

All of the phasors mentioned above are drawn in Figure 3.1 (a) [13]. Also shown in Fig¬ 
ure 3.1(b) is a per phase equivalent circuit of a synchronous motor where and are 

the stator winding resistance and leakage inductance, respectively [13]. The per phase 
terminal voltage in phase a is [13]; 

K=X^a + {K+jcoL,)T^. (3-15) 

The phasor diagram corresponding to Equation 3-15 is shown in Figure 3.1(c), where (f)^ 

is the angle between the current and terminal voltage phasors [13]. 

c. Slip 

The term slip does not apply to synchronous motors as it did induction 
motors since the rotor turns at the same speed as the rotating magnetic field. 

d. Losses 

Synchronous motors experience the same losses that induction motors ex¬ 
perience. Efficiency in the synchronous motor is improved by minimizing losses and by 
increasing the magnetic flux. 
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C. TYPES OF PMSM 


Permanent magnet synehronous motors can be placed in three different classes 
depending on the direction of the magnetic flux. The machine types are described below. 

1, Axial Flux Synchronous Motor 

The axial flux synchronous motor consists of a cylindrical magnetic rotor 
rotating within a cylindrical stator [3]. This motor has its flux direction parallel to the 
rotor shaft. Axial flux motors are coming into prominence because of their higher power 
density and acceleration [14]. Higher power density is achieved by effectively doubling 
the number of air gaps in a given volume [3]. This ability makes this type of motor much 
lighter than a comparable FWSM [3]. Another advantage of this type of machine is that 
it offers a modular construction where multiple rotors and stators can be placed together 
in stages to achieve a multi-stage machine arrangement [14]. Figure 3.2 shows the basic 
layout of an axial-flux motor. Another advantage of the machine shown in Figure 3.2 is 
that the stator winding end lengths are very short. This is an advantage because no useful 
torque is produced from the end windings. Figure 3.3 provides the basic layout of a 4- 
stage axial flux machine. The figure illustrates the modular architecture that is possible 
with this type of machine. 



Figure 3.2. Basic layout of an AFPM machine (After Ref. 15.) 
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Flux Path 



Figure 3.3. Cross-sectional side view of a 4-stage AFPM (After Ref. 15.) 


2, Radial Flux Synchronous Motor 

Radial flux flow is the traditional and conventional operating principle for 
rotating electric machines [16]. The radial flux synchronous motor consists of a cylindri¬ 
cal rotor that rotates within a cylindrical stator [3]. This type of motor has a flux direc¬ 
tion that is along the radius of the machine. The radial flux machine is shown in Figure 
3.4. Note that the machine in Figure 3.4 has salient pole construction and an on-shaft ex¬ 
citer [9]. 



Figure 3.4. Cutaway diagram of a large synchronous motor (From Ref. 9.) 
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3, Transverse Flux Synchronous Motor 

Transverse flux synehronous motors are made up of a rimmed disk that spins be¬ 
tween slotted rings [3]. The motor is eonfigured with a disk that has N-S magnets lined 
up around the periphery [3]. Stator eoils run eoaxial with the rotor with the stator wind¬ 
ing flux linking the PM flux through a series of stator hoops [3]. An advantage for this 
type of maehine is that it ean produee useful torque at both the inner and outer surfaees of 
the rotor [3]. The transverse flux maehine is illustrated in Figure 3.5. The N-S magnets 
and the stator hoops are elearly visible in the figure. 



Figure 3.5. Illustration of the transverse flux maehine eoneept (From Ref. 17.) 

D, TECHNOLOGY DEVELOPMENT 
1. Axial Flux 

Kaman Aerospaee Corporation is developing this type of motor in the U.S [18]. 
They have proposed a 19 MW design eonsisting of 32 phases, eaeh with a 600 kW in¬ 
verter [3]. The estimated weight of the drive was 50,000 kg versus a eomparable FWSM 
weight of 229,000 kg [3]. Jeumont Industrie is also developing this motor in Franee [19]. 
Table 3.1 eompares the Jeumont Industrie motor with a eonventional wound motor. As 
the table indieates, signitleant weight reduetions are possible with the axial flux maehine. 
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Overall weight 

External diameter 

Overall length 

.4.\iiil field magnet 
motor 

65 tonnes 

2.7 m 

3.0 m 

Wound 

synchronous motor 

120 tonnes 

5.6 m 

3.6 m 


Table 3.1. Comparison of Jeumont Industrie motor with a eonventional wound 
synehronous motor (From Ref. 19.) 

2. Radial Flux 

Jeumont Industrie is promoting radial flux motor development in Franee. They 
have sueeessfully demonstrated a 1.8 MW maehine that is made using SmCo for the 
permanent magnets [3]. Kaman Aerospaee and General Dynamies Marine Division are 
also pursuing additional efforts in radial flux teehnology [3]. 

3. Transverse Flux 

Rolls Royee eorporation is developing a 20 MW 180 RPM Transverse Flux Motor 
(TFM) for the U.K. Ministry of Defense (MOD) for possible employment in surfaee 
eombatants [19]. The power faetor for this motor is eurrently antieipated to be 0.6 [19]. 
This relates to an air-gap shear stress of 100 kN/m ; however, the maehine eould be de¬ 
signed for an air-gap shear stress of 120 kN/mi, but with a eonsequent reduetion in power 
faetor to 0.4 [19]. With a power faetor of 0.4, the motor would require a 50 MVA eon- 
verter [19]. This reduees the effieieney of this type of motor beeause of the inereased 
switehing and eonduetion losses [19]. The TFM topology has a greater potential for 
torque density than is eurrently being exploited in the MOD development [19]. Torque 
density is eurrently limited by the available eonverter teehnology. 
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E, CHAPTER III CONCLUSION 


This chapter has introduced the PMSM, its advantages, and the current status of 
its development. Three types of PMSM were introdueed and their properties and benefits 
were discussed. Permanent magnet motors are being developed and improved beeause of 
their potential inerease in power density. Using High Temperature Supereondueting 
(HTS) wire in motor eonstruetion can increase power density mueh more. HTS motors 
will be the foeus of Chapter IV. 
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IV. HIGH TEMPERATURE SUPERCONDUCTING AC SYN¬ 
CHRONOUS MOTOR 


A, INTRODUCTION 

Advances in High Temperature Supereonduetors (HTS) are enabling a new elass 
of synehronous rotating maehines that ean be generieally eategorized as super machines 
[20]. These super maehines inelude both motors and generators. HTS motors are ex- 
peeted to be less expensive, lighter, more eompaet, and more effieient than similarly rated 
eonventional maehines [20]. The motors will also be more power dense than eonven- 
tional motors beeause of the inereased eurrent earrying eapaeity in the HTS stator wires. 
When fully developed and employed, these motors will drastieally reduee the amount of 
ship volume eonsumed by propulsion motors. This ehapter will diseuss the baekground 
and properties of supereondueting wire and HTS motors, their benefits, and the eurrent 
progress being made in their development. 

B, SUPERCONDUCTING TECHNOLOGY BACKGROUND 

1, Low Temperature Superconducting Wire (LTS) 

Supereondueting wire in its Low Temperature Supereonductor (LTS) form has 
been in widespread use for over 30 years [20]. Some of the eommereial applieations for 
LTS wire inelude high-powered partiele aeeelerators and Magnetie Resonanee Imaging 
(MRI) systems for the medieal field [20]. During the 1970’s, General Eleetrie (GE) and 
Westinghouse eondueted generator design studies that were based on ETS wire [20]. GE 
also built and tested a 20 MVA supereondueting generator in the 1970’s [20]. The Navy 
built and tested a supereondueting DC homopolar motor in the early 1980’s that used 
ETS wire. During the 1990’s, a Japanese eonsortium built and tested a 70 MW generator 
[20]. Niobium Titanium alloy (NbTi) ETS wire was used in all of the aforementioned 
maehines [20]. 

a. The Problem with LTS Wire 

When a supereonduetor’s temperature exeeeds its operating level, queneh- 
ing ean result. Quenehing oeeurs when a supereondueting material loses its supereon¬ 
dueting properties. Quenching is governed by the magnetie field, eurrent density, and 
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operating temperature. An inerease in magnetie field, temperature, or eurrent density ean 
eause quenehing. In order to prevent quenehing, LTS wire has to be operated at a very 
low temperature of 4K, whieh requires very expensive and eomplex eooling equipment 
[20]. The eost and eomplexity of sueh eooling equipment has prevented further devel¬ 
opment of LTS supereondueting motors for propulsion applieations. 

2. HTS Wire 

The diseovery of High Temperature Supereonduetors in 1986 added promising 
prospeets to the possibility of eommercializing supereondueting industrial motors [21]. 
HTS wire teehnology has been advaneing over the past 17 years, whieh has resulted in 
supereondueting magnets that ean operate at substantially higher temperatures than LTS 
magnets [20]. HTS wires are made of Bismuth 2223 (Bi2223). The wires are mueh 
smaller than traditional eopper wires and ean handle eurrent that is orders of magnitude 
larger than eopper wires when kept at the right operating temperature. HTS wire is resis¬ 
tant to quenehing beeause an HTS wire ean absorb more heat energy than LTS wire 
without a drastie inerease in its temperature. Also, unlike LTS wire, HTS wire loses its 
eurrent earrying eapaeity gradually. This advantage makes it possible to use refrigeration 
and eooling systems that are less eomplex and less expensive [20]. 

C. HTS MOTOR CONSTRUCTION 

1. Stator Construction 

Current HTS motor designs use eonventional eopper wire for stator eon- 
struetion. The stator of the 25 MW, 120-RPM HTS motor being developed by Ameriean 
Supereonductor Corporation (AMSC) is made up of a 6.6-kV eopper winding and is 
eooled with freshwater [20]. Although the stator is made up of eonventional eopper 
windings, there are a few differenees in its eonstruetion. The stator winding is not 
housed in conventional iron core teeth because they saturate due to the high magnetic 
field imposed by the HTS winding [20]. Eliminating the iron core teeth and the vibration 
caused by them helps to reduce noise emissions from the motor. 
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2 . 


Rotor Construction 


The rotor windings in the ASC motor are made up of HTS wire and eooled with 
an off-the-shelf eryogenie eooler [22], The HTS field was designed to operate in the 25- 
35 Kelvin temperature range with a DC magnetie field in the range of 2-4 Tesla [22], 

3, Cryogenic Cooler 

The HTS motor uses an off-the-shelf eryoeooler system that feeds eold fluid to 
and reeeives warmed fluid from the rotor [22], The eryoeooler uses liquid nitrogen as the 
eooling medium. Cryogenie eoolers do not present a signifieant risk in terms of equip¬ 
ment maintenanee or failure. A defeetive eooler eould be replaeed in less than 30 min¬ 
utes without having to stop the motor [20]. 

D, HTS MOTOR DEVELOPMENT 

Several eompanies are aetively developing super maehines ineluding AMSC, 
Roekwell Automation, Siemens and GE [20]. A 1000 hp, 1800-rpm motor built by a 
team eonsisting of Roekwell Automation, AMSC, and others was sueeessfully operated 
in May 2000 [20]. Siemens demonstrated a 550 hp, 1800-rpm motor in the summer of 
2001 [20]. AMSC is eurrently under eontraet with the Offiee of Naval Researeh (ONR) 
to develop a 36 MW HTS motor for naval propulsion applieations. 

1. AMSC 25 MW HTS Motor 

AMSC has eondueted prototype testing if a 25 MW proof of eoneept propulsion 
motor. This seetion diseusses the results of the prototype testing. The ONR design goals 
for the 25 MW motor are presented in Table 4.1. Table 4.2 provides the results of elee- 
trie modeling of the 25 MW motor. Figure 4.1 shows the main features of the AMSC 25 
MW motor. 


IJst or piiraiiieters 

\ alue 

Nominal Ratinu 

25 MW 

Line Voltaue 

4160 volt 

Speed at full-load 

120 rpm 

ElTicienev at full load 

> 96*0 

Staictureborne Noise 

60 dB 

Desien Life 

30 \ rs 


Table 4.1. 25 MW motor goals (From Ref 23.) 
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List of paraiiirters 

N'alue 

Nunibei of Phases 

9 

Line N'oltage 

4160 volt 

Speed at full-load 

120 rpm 

I’hase current 

622 .\ 

Liiad angle 

19 I deg 

Svnehronous Reactance 

0 34 pii 

Transient Reactance 

0 275 pu 

Subtransient Reactance 

0 19 pu 

(herall HlTiciency 

97.5% 

Predicted full soeed .structureborne noise 

47 dB 


Table 4.2. 25 MW motor concept predicted performance (From Ref. 23.) 



Cooler mixiulc 
location 
(Not SIhiuh) 


Rotor assembly 


Stator w indini^ 


Stator support 
tube 


I lousing 


Dock iron 


Etoarings 


Brushless exciter 


(No( hiiimn) 


Figure 4.1. 25 MW, 120 RPM ship propulsion motor (From Ref. 23.) 


a. Efficiency 

The ONR design goal was to have efficiency greater than 96%. Modeling 
produced an efficiency of 97.5% overall. The efficiency at part-load was also measured 
and found to be greater than 98%, as shown in Figure 4.2. 
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Figure 4.2. FITS motor efficiency at partial-load (From Ref. 23.) 
b. Structure-Borne Noise 

As Tables 4.1 and 4.2 show, structure-borne noise emissions from the mo¬ 
tor were well below the design goal of less than 60 dB. Since the machine has a high 
magnetic field, the size of the machine is reduced [23]. This causes greater forces to be 
exerted on the machine’s back iron. The deflected and the predicted noise in the back 
iron are shown in Figure 4.3. Both the full speed and the % speed back iron noise are 
provided. In both cases, the noise levels were lower than the design requirements. 



Figure 4.3. Structure borne noise prediction for 25 MW HTS motor (After Ref. 

23.) 
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c. Size and Weight 

HTS motors are much more power dense than conventional motors and 
are therefore smaller and lighter. The 25 MW machine is estimated to be 2.5 m long and 
2.4 m in diameter [23]. The machine has an estimated weight of 60-70 tons [23]. This 
represents a significant weight reduction when compared to the 117-ton weight of the 19 
MW IPS Advanced Induction Motor. 

d. Harmonic Performance 

Conventional motors typically have substantial 5* and 7* harmonics gen¬ 
erated by the field in the armature and by the armature at the rotor surface [23]. As Fig¬ 
ure 4.4 shows, the HTS motor harmonic content is nearly zero. This is due to the fact 
that the machine does not use saturated iron in the stator [23]. 


Generated by 

Harmonic Goreratod by armature at the 

number field in armature rotor surface 


1 


1 


1 

3 


-7 527-10-4 


QDU 

6 


2.582-to-3 


-0.01 

7 


-3.358 10 5 


2.5D210-3 



6 368-to-3 


7 892-10-4 

11 


-8.983-10-5 


-4.332-1 0-4 

13 


-1.434 10^ 


1.451 10 4 

15 


-7 472-to-3 


11 49-10-4 

17 


7.477-10-3 


-4.944-1 0-5 

19 


1.B6510 0 


1.673 1 0-5 


Figure 4.4. Harmonics generated in armature and at rotor surface in the 25 MW 

motor (From Ref. 23.) 

E. CHAPTER IV CONCLUSION 

Chapter IV has introduced superconducting wire and the advantages of HTS mo¬ 
tors. A brief review of HTS motor development was given. Test results from a 25 MW 
prototype ship propulsion motor were presented and compared to design goals. The re¬ 
sults indicated that efficiency and structure home noise were well within the design goals. 
The size, weight and power density advantages of HTS motors were also discussed. HTS 
synchronous motors are sure to be employed whenever the technology is advanced 
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enough to do so. The HTS teehnology is not limited to synehronous maehines. HTS 
wire ean also be used in the development of a DC homopolar motor for ship propulsion, 
whieh is the focus of Chapter V. 
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V. 


SUPERCONDUCTING DC HOMOPOLAR MOTOR 


A, INTRODUCTION 

The Homopolar machine was the first rotating electrical machine developed and 
was demonstrated by Michael Faraday in 1831 [24], The U.S. Navy has been researching 
the SDCHM since the 1960’s [3]. The homopolar machine concept has been investigated 
because of its ability to produce high and constant torque over a wide speed range [24], 
Homopolar motors are attractive for potential use in direct electric drives for ships be¬ 
cause of their compactness and high power density [25]. This chapter will introduce the 
SDCHM and discuss the Navy’s experimental results. The current status of the technol¬ 
ogy will also be discussed. 

B. MOTOR CONSTRUCTION AND THEORY OF OPERATION 

1, Machine Types 

There are two types of SDCHM and they include the disk armature machine and 
the drum armature machine. The two machine configurations are presented conceptually 
in Figure 5.1 along with some of the benefits of the SDCHM. 
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HOMOPOLAR MOTOR BASICS 


• Simple DC Mactiinc: No Spaclal or Time Varying Magnetic Fields 

• Acoustically Quiet: No Shall Torque Pulsations (rom Multi-pole Effects 

• Excellent Torque Characteristics: Full Torque at Zero Speed, and Constant With Speed 


B 



IKII.MIMi IIKIIM IN A KADJAl. MLIJJ 




si-Rii:sn)NNi:t 111) 
MUI.TIDRIJM ROTOR 


SKRIi;SCONNi;( ll-l) 
MUl.TTDISK ROTOR 


Figure 5.1. Homopolar motor design showing the disk and drum armature ho- 

mopolar motor (From Ref. 26.) 


a. Disk Armature Machine 

The disk armature machine in Figure 6.1 consists of an electrically con¬ 
ducting disk that is located in a uniform, axially directed magnetic field [24]. An electric 
current applied to the disk interacts with the axial magnetic field and develops a me¬ 
chanical force that rotates the disk [24]. The developed force is based on Faraday’s Law 
of Induction [24]; 

dF = I~^xB (5-1) 

where / is the current in the conductor, B is the magnetic field flux density through which 
the current flows, and dL is the circuit differential path length [24]. The forces devel¬ 
oped in the armature and stator of the motor can be found by integrating dF around the 
circuit [24]. 
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b. Drum Armature Machine 

A drum-type rotor that is located in a radial magnetic field will experience 
a rotational force when axial current flows through the drum [24], For both motor con¬ 
figurations, the motor action is produced without changing the direction (polarity) of the 
magnetic field or the armature current of the machine [24], 

c. Stator Construction 

The stator of the homopolar motor is constructed using HTS wire. The 
benefits of using HTS wire have already been presented and they include higher effi¬ 
ciency, smaller design, and higher power density. 

C. SDCHM ADVANTAGES 

Because of the homopolar magnetic behavior, the field windings of the machine 
do not experience a mechanical torque in reaction to the armature torque [24]. The reac¬ 
tion torque is developed in the current-carrying conductors of the stator of the machine 
and not the field winding [24]. An added advantage of the homopolar motor is that when 

the magnitudes of J and B are constant in time (a DC machine), the force developed 
and transmitted by the shaft of the machine will be constant [24]. The constant current 
and field of the homopolar motor eliminates mechanical torque pulsations on the shaft. 
Eliminating the torque pulsations provides an acoustically quiet machine. 

D, NAVAL SURFACE WARFARE CENTER (NSWC) HOMOPOLAR MO¬ 
TOR 

The U.S. Navy conducted the first operational test of an SDCHM in 1980 aboard 
the NSWC test craft Jupiter II [24]. That motor used LTS wire. Since then, another ho¬ 
mopolar motor has been tested using Bi 2223 HTS wire. This section describes some of 
the details relating to the construction of the latest NSWC homopolar motor. 

1, Field Windings 

The field winding of the NSWC homopolar motor was designed and constructed 
with magnets wound with Bi 2223 wire and cooled to a temperature of 4.2K with liquid 
helium [24]. The only superconducting component in the motor was the field winding. 
The field winding of the motor was arranged in a split, two-magnet configuration. Su- 
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perconducting windings were wound around eaeh magnet. The two magnets were axially 
separated by a distanee of 10.6 em and were eleetrieally eonneeted so that their axial 
magnetie fields would be in flux opposition [24]. Details relating to the size, length and 
diameter of the field windings ean be found in Referenee 24. The benefits of employing 
HTS windings instead of LTS windings were presented in Chapter IV. This applies di- 
reetly to the SDCHM. The SDCHM eurrently being explored by General Atomies is 
based on a design using HTS wire. 

2, Armature Construction 

The armature was a drum-type armature. Sodium potassium (NaK) liquid metal 
eurrent eolleetors were used to transfer eurrent between the stator of the maehine and its 
rotating armature [24]. Liquid metal current collectors were used because they can oper¬ 
ate at higher current densities, they are able to operate at higher rotational speeds, they 
have improved power conversion efficiencies, and they last longer than conventional 
solid brush current collectors [24]. The magnetic flux was contained within the machine 
by using a ferromagnetic shield [24]. 

E. HTS MOTOR TEST RESULTS 

The measured results of the performance testing for the homopolar motor are pre¬ 
sented in Table 5.1. 


Arrmturc 
Current (A) 

Field 
Winding 
Current (A) 

Field 

Winding 

Tciiip(K) 

HTS 

Conductor 

electric 

Field 

(Uv/cm) 

HTS 

Field 

Winding 

Power 

Uns{W) 

DC Motor 

Speed 

(RP.M) 

DC FJecliical 
Power In 
(hp) 

Dc MoUir 

Power Out 
(hp) 

30,000 

100 

4.2 

0.1 

0.7 

11.700 

IbO 

143 

.30.0fHI 

120 

4.2 

1.0 

8.4 

11,700 

181 

167 

30,000 

70 

28 

0.1 

0..5 

11,700 

142 

122 


Table 5.1. NSWC homopolar motor measured performance test results (From 

Ref 24.) 
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1, Power Output 

The power output for various field currents in Table 5.1 is given in horsepower. 
The conversion from horsepower to Watts is given by: 

= 745.6 (5-2) 

where is the power in Watts, is the power in horsepower, and 745.6 is a conver¬ 
sion factor. Using the input and output power to calculate efficiency revealed an effi¬ 
ciency decrease of 26% when the field winding was operated at 28 K instead of 4.2 K. 
The motor was most efficient operating with the field winding at 4.2 K and a field current 
of 120 A. This demonstrates the effect that the operating temperature has on the motor’s 
performance. 

F. STATUS OF HTS MOTOR DEVELOPMENT 

Work is ongoing to develop a Homopolar motor for shipboard propulsion applica¬ 
tions. The high current carrying brushes are the limiting technology at this time. An ef¬ 
fective power conversion system to produce the high current, low voltage DC required 
for the motor is also required [24]. General Atomics Corporation (GA) has built a 500 
kW Test Stand Motor and a 3.7 MW motor funded by ONR [24]. LTS NbTi coils were 
used, but the design allows for a direct transition to HTS coils whenever it becomes cost 
effective and practical to do so [24]. 

G. COMPARISON OF THE GA MOTOR TO OTHER TECHNOLOGIES 

1, GA Baseline Motor 

For comparison purposes, the GA baseline homopolar motor has been scaled to 
the reported operating points for several selected motors that have been built recently 
[24]. Table 5.2 provides the details of the comparison. 
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MW 

rpm 

Length, 

|ml 

Diameter, 

|m| 

Wt, 

|ton$| 

AMSC 5000 
HP 

3.7 

1800 

1.59 

1.12 

6.81 

Homopolar 

3.7 

1800 

1.36 

1.00 

4.4 

PMM DERA 

2.45 

308 

1.55 

1.5x1.48 

13 

Homopolar 

2.45 

308 

1.91 

1.40 

12 

PMM DARPA 

1.5 

1800 

1.04 

0.74x0.74 

1.69 

Homopolar 

1.5 

1800 

1.19 

0.80 

2.2 

AC Ind IPS 

19 

150 

4.35 

4.0x4.5 

117.4 

Homopolar 

19 

150 

3.81 

2.80 

95.9 


Table 5.2. Baseline homopolar motor design sealed for eomparison to seleeted 

motors (After Ref. 24.) 


The first row in Table 5.2 eorresponds to an HTS synehronous motor produeed by 
Ameriean Supereonduetor. The third row is a PMM developed in the U.K. [24]. The 
fifth row is a PMM motor developed for DARPA, and the seventh row is the 19 MW IPS 
motor [24]. As the table shows, the homopolar motor has a smaller size and weight eom- 
pared to all motors with the exeeption of the DARPA motor. 

2. GA Advanced Motor 

The GA baseline motor design was primarily oriented toward teehnology valida¬ 
tion for the brushes and supereondueting eoils and is not the most eompaet eonfiguration 
for a homopolar maehine [24]. Estimates for an advaneed motor are provided in Table 
5.3 and eompared to those of Table 5.2. The estimates take into aeeount improvements 
sueh as: three supereondueting eoils instead of two, operation at a higher field level, and 
two rotors on the same shaft [24]. 
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MW 

rpm 

Length, 

|ml 

Diameter, 

|ml 

Wt, 

[tons] 

AMSC 
5000 HP 

3.7 

1800 

1.59 

1.12 

6.81 

Homopolar 

3.7 

1800 

1.5 

0.74 

2.80 

PMM 

DERA 

2.45 

308 

1.55 

1.5x1.48 

13 

Homopolar 

2.45 

308 

2.10 

1.03 

7.7 

PMM 

DARPA 

1.5 

1800 

1.04 

0.74x0.74 

1.69 

Homopolar 

1.5 

1800 

1.19 

0.59 

1.4 

AC Ind IPS 

19 

150 

4.35 

4.0x4.5 

117.4 

Homopolar 

19 

150 

4.2 

2.06 

61.2 


Table 5.3. Advanced homopolar motor design scaled for comparison to selected 

motors (After Ref. 24.) 


Table 5.3 indicates that the improved homopolar motor is smaller and weighs less 
than all of the other motors. The average weight reduction considering all of the motors 
in Table 5.3 is 14.53 tons. The reduced size and weight are important factors to consider 
for a shipboard propulsion system. 

3, IPS Advanced Induction Motor 
a. Weight Comparison 

Table 5.4 provides a comparison of an advanced homopolar motor with 
the 19 MW IPS motor [24]. The motor along with its associated filter, converter, or recti¬ 
fier is compared. The table shows that the homopolar system is about fifty-six tons 
lighter than the induction motor system. 



AC Indnction 
[tons] 

Homopolar 

[tons] 

Generator 

50.5 

51.5 

Converter 

9.0 

NA 

Filter 

4.3 

NA 

Reetifier 

NA 

0.85 

Buek Converter 

NA 

4.1 

Motor 

117.4 

63.2 

Total 

181.2 

120 + 5 (bus) 


Table 5.4. 19 MW, 150-RPM advanced homopolar system weight comparison 
with AC induction motor system (After Ref. 24.) 
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b. Volume Comparison 

The homopolar system consumes a smaller amount of ship volume than 
the AIM Drive. Table 5.5 provides a comparison of the volume occupied by the induc¬ 
tion motor system and the homopolar motor system. As the table shows, there is a vol¬ 
ume savings of approximately 43 cubic meters with the Homopolar system. 



AC Induction [m^] 

Homopolar [m^] 

Generator 

34.7 

38 

Converter 

21.0 

NA 

Filter 

10.6 

NA 

Reetifier 

NA 

2.8 

Buek Converter 

NA 

12 

Motor 

44.7 

15.0 

Total 

111 

67.8 


Table 5.5. 19 MW, 150-RPM advanced homopolar system volume comparison 
with AC induction motor system (After Ref. 24.) 

H. CHAPTER V CONCLUSION 

This chapter has introduced the SDCHM and has discussed it properties and ad¬ 
vantages. The SDCHM tested by the Navy was described and its test results were dis¬ 
cussed. The motor that is being developed by General Atomics was also presented and 
compared to other motor technologies. The results presented in this chapter indicate that 
a significant size, weight, and volume reduction can be realized in a ship propulsion drive 
through the use of a DC homopolar system. Although significant advances have been 
made in the development of brushes and coolers for these systems, the two are still the 
main obstacle preventing the employment of this system in a shipboard electric drive. 

The converter for this type of system also needs to be addressed before a homopolar mo¬ 
tor can be employed for propulsion purposes. Converters are discussed in the next chap¬ 
ter. 
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VI. POWER CONVERTERS FOR CONTROLLING PROPULSION 

MOTORS 


A, INTRODUCTION 

The electric motors discussed in the previous chapters all require power conver¬ 
sion and control equipment to provide effective speed control for the motor. In many 
cases, power converters are driving motor technology. The motors discussed in the pre¬ 
vious chapters are not very beneficial without an appropriate controller or converter. The 
controllers must be engineered to accurately control the motor’s speed while introducing 
a minimal amount of harmonics. This chapter will present the various converters that are 
used to control large propulsion motors. 

B, REQUIREMENTS 

The number of motor phases, the phase connections, and the rated machine fre¬ 
quency drive the topological options for the propulsion converter [3]. These options are 
further constrained by available semiconductor device capabilities: low-voltage, lower- 
power, fast-switching devices or high-voltage, slow switching devices [3]. Converters 
for naval propulsion applications need to be engineered to withstand a single component 
failure and still function at reduced capacity [3]. Converters need to be simple, reliable, 
and rugged but they need to include circuitry to provide the best waveform fidelity for 
acoustic performance [3]. The units must permit convenient monitoring for diagnostics 
and troubleshooting, minimize source and load harmonics, be immune to problems with 
Electromagnetic Interference (EMI), and cooling, be modular to expedite maintenance 
and repair, and minimize cost [3]. 

C, POWER DEVICE TECHNOLOGY 

Technological advances in power electronics devices are a major factor in power 
converter technology. The requirements for high-power semiconductor devices include 
high blocking voltages, low leakage currents, and high switching frequencies with low 
conduction drops and losses [3]. The technology for these devices is changing fairly rap¬ 
idly. The current ratings for power switching devices can be found by examining their 
respective data sheets. 
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D, AC POWER CONVERTERS 


This section will discuss the various medium-voltage propulsion converter op¬ 
tions for the Navy’s electric ship. 

1, Cycloconverter (CC) 

Direct frequency changers are known as cycloconverters. They convert an AC 
supply of utility frequency to a variable frequency [14]. The cycloconverter provides an 
output frequency that ranges from 0-0.5/j, where is the supply frequency [14]. For 
better waveform control and to reduce harmonics, the output frequency is usually limited 
to 0.33 /j [14], This small range of frequency variation is suitable for low-speed, high- 

power applications such as that found in a ship drive. Cycloconverters are currently used 
in many large vessels such as icebreakers and cruise liners. Due to their large size as 
compared to other converters, cycloconverters are not appropriate for use in a small war¬ 
ship where space is at a premium. Other limitations include its limited output frequency 
range, its low power factor, the complex spectra of input and output harmonics that re¬ 
quire passive fdtering, and the large number of power devices to control [3]. 

2. Synchroconverter 

Synchroconverters are indirect frequency converters that consist of a rectification 
(AC-DC) and an inversion (DC-AC) stage. A large link inductor separates the rectifier 
and inverter stage. The synchroconverter is also known as a Line Commutated Inverter 
(LCI) or a Current-Source Inverter (CSI). This type of converter is used extensively in 
the cruise liner industry [3]. The inverter section is made up of thyristor devices that are 
naturally commutated by the machine back EMF [3]. In order to be naturally commu¬ 
tated, the machine must operate at a leading power factor [3]. At low speed, where the 
back EMF is low, the converter control is required to be more complex to ensure thyristor 
commutation [3]. The large link inductor creates a DC current that is routed through the 
respective thyristors and machine phases, creating quasi-rectangular phase currents [3]. 
There are substantial harmonics in the phase currents that lead to drive derating, torque 
harmonics, poor input current quality and dvjdt [3]. High values of dvjdt (voltage 
spikes) can cause power devices such as thyristors to be re-triggered during their recov- 
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ery period. The re-triggering ean damage the thyristor, so the dvjdt needs to be mini¬ 
mized. The output frequeney of a eyeloeonverter is limited by the switehing frequeney of 
the Silieon Controlled Reetifiers (SCR) [3]. The advantages of this type of eonverter are 
that it has the fewest number of eomponents and it ean be eonneeted in series with other 
eyeloeonverters to provide redundaney [3]. The main disadvantage is the substantial 
harmonies on the output waveform [3]. These harmonies make this type of eonverter un- 
aeeeptable for a surfaee eombatant [3]. 

3, Pulse-Frequency Modulation (PFM) 

PFM is a direet AC-AC frequeney eonversion strategy, whieh has been studied by 
the U.K. Royal Navy [3]. The PFM operates by taking diserete energy paekets from the 
input, storing the energy in a eapaeitor, and then eontrolling the release of the energy to 
give the proper frequeney at the output [3]. Sinee thyristors have a very large power rat¬ 
ing, the need for paralleling or multi-level topologies ean be eliminated [3]. Thyristor 
units must be interleaved to aehieve waveform fidelity beeause of the limited switehing 
frequeney of the thyristors [3]. Some of the advantages of this type of eonverter inelude 
a low dvjdt, and a very high effieieney due to the natural soft-switehing operation [3]. 
These units also have a very high power density. Estimates prediet that a 25 MW power 
eonverter ean aehieve a power density of 5.5 MW/m^ with near unity power faetor [3]. 

4, Pulse Width Modulation (PWM) 

The PWM eonverter is also an indireet frequeney eonverter. These eonverters 
also eonsist of a reetifier and inverter stage. Instead of having a link induetor like the 
previous eonverter, the PWM has a DC link eapaeitor to provide eonstant eontrol voltage. 
At high power, PWM-based eonverters are typieally built using GTOs, GCTs, IGBTs, or 
HVIGBTs [3]. The eonfigurations may be loosely elassified as H-bridge, eonventional or 
multi-level [3]. Conventional eonfigurations ean be further elassified as hard-switehed or 
soft-switehed [3]. PWM eonverters usually provide stair-stepped phase voltages with 
high frequeney notehes and fairly sinusoidal phase eurrents with smooth motor torque 
[3]. Current teehnologies faeilitate eonverters with power densities on the order of 750 
kW/m^ with innovations in the area promising to inerease that to 2.0 MW/m^ [3]. 
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E, CHAPTER VI CONCLUSION 


This chapter has presented a basie review of the power converters available for 
ship propulsion applications. Their properties, advantages and disadvantages were dis¬ 
cussed. Advances in power switching devices are driving eonverter technology. The 
eonverters along with the propulsion motors that were diseussed in the previous ehapters 
are being investigated for use in Podded Propulsors (Pods) on surface ships. Pods will be 
discussed in Chapter VII. 
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VII. PODDED PROPULSION 


A. INTRODUCTION 

Podded propulsors (Pods) are yielding significant benefits to the commercial 
shipping industry [19]. These units can also be found on many of the pleasure cruise lin¬ 
ers. Ship builders began using pods during the late 1980’s and their use has grown ever 
since. The Alstom/Kamewa pod system known as Mermaid® is currently leading the 
industry with many of these units already installed in cruise ships. This chapter will dis¬ 
cuss the potential benefits of employing pods on surface combatants. Additionally, the 
different types of pods will be discussed and compared. 

B, TYPES OF PROPULSORS 

1, Azimuthing Thruster 

The idea of having a propulsion arrangement without the use of a shaft originated 
with the use of the Azimuthing Thruster (AT). The AT is a propulsion configuration in 
which the prime mover (in this case an electric motor) is connected to the propeller 
through one or two right angle gears designated as L or Z drives respectively [27]. These 
types of propulsors are widely employed in the commercial shipping industry. The U.S. 
Navy’s propulsion requirements are obviously significantly different from the commer¬ 
cial sector because of concerns involving noise, vibration, robustness, and survivability. 
The U.S. Navy is not actively pursuing the use of the AT for ship propulsion because of 
the additional noise and vibration caused by the L or Z gears used in the AT. 

2. Podded Propulsors 

Pods are distinguished from the original thruster in that the prime mover is an 
electric motor situated in the hub underneath the strut, directly driving the propeller [27]. 
Pods offer improved efficiency and maneuverability over shafted propulsion systems. 

The Navy is currently researching the use of pods on future surface combatants. Al¬ 
though the pods have been proven in large commercial ships, their effectiveness, robust¬ 
ness, and reliability have yet to be proven in a warship. 
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C. BENEFITS OF USING PODS 


Some of the benefits of using pods include increased efficiency and maneuver¬ 
ability, and increased design flexibility [28]. Pods increase maneuverability by being 
able to rotate through 360° to provide thrust in any direction needed. Eliminating the 
long shaft line associated with a conventional drive increases design flexibility. By ap¬ 
plying hydrodynamic pod and hull design improvements, fuel consumption can be re¬ 
duced and propulsion efficiency can be increased [29]. Pods also simplify the shipbuild¬ 
ing process. Complete podded propulsion systems can be delivered and fitted in days, 
thus avoiding the lengthy installation of a traditional system [29]. Using pods can elimi¬ 
nate much of the auxiliary and support equipment associated with a traditional propulsion 
system. For example, in a podded system, the rudder, steering gear, propeller, propulsion 
motor, main propulsion shaft, the shaft bearings, the thrust bearing, and the shaft seals are 
all integrated into a single unit [29]. Figure 7.1 compares a podded drive with a conven¬ 
tional drive. The pod in the upper half of Figure 7.1 contains all of the components of the 
conventional shaft line that is shown in the lower half of Figure 7.1. Figure 7.2 provides 
a detailed view of a typical pod. A commercial vessel is shown in Figure 7.3 with two 
pods mounted under the aft portion of the vessel in the pulling configuration. 



Figure 7.1. Demonstration of integrated architecture of pods versus conventional 

propulsion systems (From Ref 30.) 
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Figure 7.2. Typical design of a podded propulsor (From Ref 30.) 



Figure 7.3. Picture showing the mounting of two pulling type pods (From Ref 

30.) 
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D, MOTOR TYPES BEING USED 


Pods used in commercial shipping can employ field wound synchronous motors 
or induction motors. Pods designed for a warship would need to use a motor that is much 
smaller and more power dense, such as a PMSM. Permanent magnet propulsion motors 
are being developed by several commercial firms to fulfill the requirement for more 
power dense motors to be used in pods. HTS synchronous motors and the SDCHM are 
being researched and developed for potential employment in pods. 

E. EFFICIENCY BEFEFITS OF PODS 

Pods can be either the pulling or the pushing type, which means that the propeller 
can be mounted at the forward or the aft end of the unit [29]. Pulling type pods have a 
much better efficiency than the pushing type [29]. This is due to the fact that the wake 
field through the propeller is not disturbed by a hub or shaft [28]. Pushing pods are hydro 
dynamically similar to a normal propeller arrangement [29]. Unlike a conventional sys¬ 
tem, where the propeller axis has to be more or less parallel to the bottom line of the ship, 
podded propulsor shafts can be oriented in any direction [29]. This ability allows the pod 
shaft to be oriented parallel to the flow of water along the aft hull of the ship thereby 
achieving a better correlation with the wake field [29]. Using pods can increase effi¬ 
ciency by as much as 10-15 %. The increase in efficiency reduces fuel consumption [29]. 

F, CHAPTER VII CONCLUSION 

This chapter has introduced pods and has discussed their potential benefits. The 
two main types of podded propulsors were discussed and they included the Azimuthing 
Thruster (AT) and the direct-drive podded propulsor. The benefits of using direct-drive 
pods include increased maneuverability, better design flexibility, and improved effi¬ 
ciency. This technology is very mature in the commercial industry, but has yet to be 
proven in a warship application. 

The U.S. Navy successfully demonstrated the feasibility of applying the technol¬ 
ogy discussed in this thesis to a naval warship. The Navy’s IPS program proved that the 
electric ship concept was a very attainable goal. The IPS program is the focus of the next 
chapter. 
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VIII. U.S. NAVY IPS PROGRAM 


A, INTRODUCTION 

The majority of this study has discussed the various motors being considered for 
use in an electric ship drive. This chapter will discuss the final test results of the Navy’s 
Full Scale Advanced Development (FSAD) program which demonstrated the Navy’s IPS 
[31]. The system was used to test the IPS in a simulated shipboard environment. Figure 
8.1 shows a block diagram of the IPS and its major components. The figure shows the 
Propulsion Motor Module (PMM) consisting of the propulsion motor and its associated 
controller, the Power Generation Modules (PGM), Power Distribution Modules (PDM), 
Power Conversion Modules (PCM), and the load banks. Also shown are the AC and DC 
voltage busses. 



Figure 8.1. Diagram of FSAD Land Based Test Site (From Ref. 31.) 

B. PROPULSION MOTOR MODULE 
1, Propulsion Motor 

a. Characteristics 

Electric propulsion in the IPS was provided from a 19 MW - 150-rpm, 15- 
phase Propulsion Motor Module (PMM-1) designed and manufactured by Alstom Corpo- 
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ration. The module eonsisted of a propulsion eonverter, harmonie filter and Advaneed 
Induetion Motor (AIM) [31]. The 15 phases in the motor allow for fine speed eontrol, 
whieh simulates a synehronous motor’s flexibility [32]. They also provided the best 
noise performanee and minimal stator design impaet [31]. An even number of phases 
was avoided to preelude harmonie torque pulsations from exeiting meehanieal resonanees 
within the maehine [32]. Slip was kept to a minimal 1.23% at rated eonditions and the 
motor’s effieieney was 95.7% [32]. The propulsion shaft line was eonnected to a 25,000 
hp Froude waterbrake to emulate a propeller load [31]. 
b. Advantages 

An induetion motor was preferred over a synehronous motor due to the 
added eomplexity, eost, weight and size of a synehronous motor [32]. Some of the other 
advantages of the induetion motor over the synehronous motor are a simpler, rugged, and 
reliable rotor design, no insulated rotor eomponents and no added eontrol eomplexity, 
losses or maintenanee related to an exeiter [32]. To improve shoek and vibration per- 
formanee, additional and thieker stator ribs, heavier end plates and end frame bearings 
were added to develop a stiffer stator strueture [32]. Stronger metal alloy was used in the 
rotor eonstruetion and the air gap was doubled to prevent the rotor from eontaeting the 
stator during shook defieotions [32]. The additional design measures added to the ma¬ 
chine’s ability to resist noise transmissions [32]. The fifteen-phase design was selected to 
achieve stator and rotor slot/phase/pole ratios of 1-to-l to meet the very stringent acoustic 
requirements for a naval combatant ship [32]. 

2, Propulsion Converter 
a. Characteristics 

The propulsion converter was an H-bridge type converter that consisted of 
a 3 phase, 6 pulse thyristor controlled rectifier and a 15 phase Pulse Width Modulated 
(PWM) Voltage Source Inverter (VSI) with an output of 0-3700 Vrms and 0-15 Hz [31]. 
Since harmonic frequencies can cause overheating in the rotor of a supply generator, the 
PWM included a harmonic filter to protect the generator rotor from overheating from the 
substantial 5**^ harmonic frequency [31]. Figure 8.2 shows a schematic diagram of the 
PWM converter. Shown in the figure are 15 H-bridges, one for each phase. 
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Figure 8.2. IPS PWM converter schematic (From Ref. 32.) 


b. Advantages 

A PWM converter was selected over a load commutated inverter (LCI) or 
cycloconverter for numerous reasons [32]. Since a PWM converter does not require a 
synchronous motor to maintain a controlled load commutation, the advantages of an in¬ 
duction motor became available with the PWM drive [32]. The PWM converter provided 
the ability to selectively control the output waveform for a more sinusoidal shape [32]. 
Selective shaping of the output reduced harmonics resulting in lower motor noise than 
was possible with other converters [32]. Other advantages of PWM converters over LCI 
and cycloconverters are a higher, more constant power factor for better efficiency, con¬ 
stant harmonic frequencies to ease any supply filtering required and smaller size and 
weight [32]. The FSAD unit was only 2.0x4.0x2.5 m and weighed approximately 17,000 
kg, significantly smaller than commercial units of any power topology [32]. Table 8.1 
compares the IPS design with standard commercial drive technologies. The table com¬ 
pares the IPS with a rectifier and a synchroconverter being used in the U.K. Also listed 
for comparison is the cycloconverter currently being used on the U.S. Coast Guard Ice¬ 
breaker Healey. 
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Converter (Type) 

Rating 

Volnme [m^] 

Weight [tons] 

IPS (PWM) 

19 

905 

1.12 

UK Type 23 

1.5 

191 

0.28 

USCG Healey 

11.2 

455 

1.24 

UK Oiler 

7.0 

277 

0.741 


Table 8.1. Comparisons of Converter Teehnologies (After Ref 33.) 

C. IPS SYSTEM COMPONENTS 

All of the IPS equipment in the FSAD model was provided a designation to re- 
fleet the modular arehiteeture of the IPS eoneept [31]. The modular arehiteeture ineorpo- 
rated an Integrated Fight Through Power (IFTP) eapability in the SSDS [31]. The IFTP 
eoneept provided for fully automatie fault elearing, reeonfiguration of power and man¬ 
agement of generated power, and stored energy sourees to isolate the fault to damaged 
zones [31]. This provided uninterrupted power to undamaged areas. Other eomponents 
that made up the IPS ineluded Power Generation Modules (PGM), Power Distribution 
Modules (PDM), and Power Conversion Modules (PCM). These eomponents will not be 
diseussed in this ehapter. Details relating to these eomponents ean be found in [31]. 

D, IPS PERFORMANCE TESTING RESULTS 

The primary objeetive of the IPS FSAD test plan was to eharaeterize the major 
power interfaees under steady state and dynamie eonditions through the power range of 
the propulsion motor [31]. The dynamie and steady state results were then eompared to 
design goals. The results provided are worst-ease deviations for parameters under the test 
eonditions [31]. 

1, Power Quality 

With the exeeption of harmonie eontent, the voltage and frequeney toleranee at 
the main AC bus of 4160 VAC was maintained within the design goals as shown in Table 
8.2, whieh were based on eommereial industrial power requirements [31]. The harmonie 
voltage distortion was somewhat greater than originally antieipated beeause of a ehange 
in the eontrol voltage seheme for the DC link of the propulsion eonverter [31]. The in- 
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creased harmonie distortion did not develop any issues of eompatibility with the main 
generator due to its inherent design margin, but the design of the SSDS main reetifier was 
modified to aeeommodate the higher harmonie distortion level expeeted [31]. 


Parameter 

FSAD Design Goals 

Test Results 

Voltage Tolerance 

± 10% 

+ 1.01% 

Frequency Tolerance 

±5% 

+ 3.49%* 

Voltage THD 

< 10% 

15.92% 


* Based on a 3.22 % frequency droop setting 

Table 8.2. 4160 VAC main bus steady state interfaee design goals (From Ref 

31.) 


The power quality interfaee goals of voltage toleranee and ripple at the main DC bus of 
1000 VDC were not fully satisfied as indieated in Table 8.3, but the power quality per- 
formanee at the ship serviee voltage of 450 VAC still remained within MIL-STD-1399 
requirements as illustrated in Table 8.4. [31]. 


Parameter 

FSAD Design Goals 

Test Results 

Voltage Tolerance 

+/- 0.50% 

+ 0.80% 

Voltage Ripple 

< 1.5% 

3.20% 


Table 8.3. SSDS main reetifier 1000 VDC Bus Steady State Interfaee Design 

Goals (From: 31.) 


Parameter 

FSAD Design Goals 

Test Results 

Voltage Tolerance 

Line to Line 

±7% 

- 5.09% 

Line Voltage 
Unbalanced 

3% 

NA 

Frequency Tolerance 

±3% 

+ 0.03% 

Voltage IHD 

1% 

0.98% 

Voltage THD 

2% 

1.43% 


Table 8.4. SSDS zone inverter 450 VAC ship serviee bus steady state interfaee 

design goals (From Ref 31.) 
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The interface design goals for power quality at the zonal DC bus were met for voltage 
tolerance and slightly exceeded for voltage ripple as depicted in Table 8.5 [31]. 


Parameter 

FSAD Design Goals 

Test Results 

Voltage Tolerance 

+ 5%, - 6% 

+ 0.21% 

Voltage Ripple 

< 1% 

1.12% 


Table 8.5. SSDS DC-DC bus converter nominal 800 VDC (760 VDC) bus steady 
state interface design goals (From Ref. 31.) 

As shown in Table 8.6, the transient performance of voltage and frequency excursions 

and durations at the main AC bus of 4160 VAC was within the interface design goals 

[31]. 


Parameter 

FSAD Design Goals 

Test Results * 

Worst Case 
Voltage Excursion 

+ 20%, - 15% 

+ 17.9% 

Voltage Transient 
Recovery Time to Return 

1.5 sec max 

1.3 sec 

Worst Case 
Frequency Excursion 

± 10% 

+ 5.1% 

Erequency Transient 
Recovery to Steady 

5 sec 

1.3 sec 


* Based on test results from 100% rated propulsion power step unload 

Table 8.6. 4160 VAC main bus dynamic interface design requirements (From 

Ref 31.) 

2. Harmonics Performance 

The harmonic characteristics of the IPS FSAD are explained using Individual 
Harmonic Distortion (IHD), Total Harmonic Distortion (THD), and Total Demand Dis¬ 
tortion (TDD) [31]. The term TDD is more meaningful for assessing overall harmonic 
current content than THD since it is based on a constant value of rated load current rather 
than a fundamental current that varies according to the load condition [31]. The har¬ 
monic content of the 4160 VAC distribution system, as influenced by the propulsion con¬ 


verter, was higher than originally projected as indicated by Figures 8.3-8.6 [31]. The 
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harmonic filter adequately redueed the higher harmonic content to protect the generator 
and aided in aehieving power quality to user loads [31]. The actual current harmonic per¬ 
formance of the eonverter was close to that predieted for THD and TDD eurrent as indi¬ 
cated in Figure 8.3. The TDD eurrent was lower than the THD eurrent for lower propul¬ 
sion power and become essentially the same as propulsion power approached 100 % 
rated power [31]. The THD current seemed to decrease as propulsion power increased 
giving a false impression that the level of harmonic current content was decreasing. The 
actual and predicted THD current maintained a more consistent comparison to each other 
as compared to the TDD current values due to the normalization with the fundamental 
eurrent at each particular propulsion power level [31]. 



Figure 8.3. Converter eurrent distortion (From Ref. 31.) 


The actual harmonic current performance of the filter was close to that predicted as 
shown in Figure 8.4, except at near rated propulsion power where considerably more 
harmonics were absorbed than predicted [29]. Note that the TDD and THD eurrent re¬ 
mained essentially the same over the entire propulsion power range beeause the funda¬ 
mental eurrent in the filter varied little as propulsion power varied [31]. 
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Figure 8.4. Filter eurrent distortion (From Ref. 31.) 


As shown in Figure 8.5, the actual current harmonic performance at the generator was 
better than predicted since the converter was essentially producing the predicted har¬ 
monic current content and the filter was absorbing more harmonic current content than 
predicted [31]. Accordingly, the actual harmonic voltage content at the generator was 
similar to that predicted as shown in Figure 8.6, except at low and near rated propulsion 
power [31]. 



Figure 8.5. Generator current distortion (From Ref. 31.) 
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Figure 8.6. Generator voltage distortion (From Ref. 31.) 

3, Efficiency 

Efficiency measurements were recorded during the final test phase and matched 
predictions as shown in Figure 8.7. Figure 8.8 illustrates the projected efficiencies of the 
motor and converter individually and overall. Reduced propulsion power operations on 
10 phases of the propulsion converter/motor were somewhat more efficient than 15 
phases as indicated in Figure 8.9. This was due to fewer losses in the converter with 5 
phases off. Reducing these losses had a greater improved efficiency and offset the reduc¬ 
tion in efficiency caused by the motor being magnetized with 10 phases versus 15 phases. 


.ve i l At. 
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Figure 8.7. Comparison of simulated versus measured propulsion con¬ 
verter/motor efficiency (15-phases) (From Ref 31.) 
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Figure 8.8. Simulated effieieney of propulsion converter, motor, and con¬ 
verter/motor (15-pliases)(l 5-phases) (From Ref. 31.) 



Figure 8.9. Comparison of measured propulsion converter/motor efficiency 
(10 phases and 15 phases) (From Ref. 31.) 

E. CHAPTER VIII CONCLUSION 

This chapter has presented the final IPS test results that pertain to the PMM. The 
IPS test plan demonstrated the feasibility of employing an IPS in a warship environment. 
Harmonic performance, efficiency, and the ability to operate at reduced capacity were 
examined. 
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The previous ehapters did not inelude a model of a large motor for analysis pur¬ 
poses. Sueh a model is important to being able to analyze how various ehanges in the 
motor’s parameters or operating eonditions affeet its performanee. Chapter IX will pre¬ 
sent the results of modeling a 30 MW induetion motor eontrolled by a voltage souree in¬ 
verter. The assoeiated Matlab m-files are provided in Appendix A. 
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IX. SIMULATION OF A 30 MW INDUCTION MOTOR DRIVE 


A. INTRODUCTION 

The purpose of this chapter is to model an electric drive of the size that is likely to 
be employed on an electric warship. The model assumes a 30-MW induction motor for 
propulsion power. The control scheme presented will be a voltage source inverter, which 
employs constant volts/Hertz control. Modeling results of a 20 horsepower (15-kW) mo¬ 
tor using volts/Hertz control from Reference 32 will be compared with the results from 
the 30-MW motor simulations. The comparison is made in order to determine the effec¬ 
tiveness of this type of control method on a very large motor. The model provided here is 
largely based on a model that was found in Reference 32. The model can be further de¬ 
veloped in a later study to demonstrate more advanced control strategies such as PWM 
control. 

1, Voltage Source Inverter Driven Induction Motor 

Voltage source inverter driven induction motor drives are controlled by changing 
the 3-phase input voltages into gating signals for power devices in the converter such as 
SCRs. The frequency and duration of these signals are controlled in order to control the 
switching of the power devices. The volts/Hertz method keeps the voltage-to-frequency 
ratio constant in order to control the motor. This helps to maintain a constant air gap 
flux, which is desirable under changing speed and load conditions. 

2. Model Development 

a. Inverter Waveforms 

The voltage waveforms are presented here along with their respective 
phases in order to demonstrate the volts/Hertz strategy. The line voltages in terms of 
phase voltages in a three-phase system with phase sequence abc are [11]; 


V =V -V 

ab as bs’ 

(9-1) 

1 

II 

(9-2) 

V =V -V 

ca cs as ’ 

(9-3) 


65 



where , and F^^ the line voltages and F^^, F^^, and F^^ are the phase voltages 

[11], In a balaneed 3-phase system, the sum of the phase voltages is zero: 

Ks+ns+Ks = o (9-4) 


and the differenee between line voltages Fab and Fca is [11]: 


F -F =3F 

ab ca as 


(9-5) 


from whieh the phase a voltage is given by 


F -F 

~y _ ab ca 


Similarly, the b and c phase voltages are [11]: 

Vbc-Vgb 

bs 2 

F -F 

j/- _ ca be 


and 


(9-6) 


(9-7) 


(9-8) 


Figure 9.1 shows the phase voltages that were derived from the line voltages [11]. In the 
figure, Gi-Ge are the gate voltages applied to the power devices. Frequency control is 
accomplished by controlling the timing of these stepped voltages. 
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Figure 9.1. Inverter gate (base) signals and line-and phase-voltage waveforms 

(From Ref. 14.) 
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b. Induction Motor 

The induction motor was modeled in the stationary or stator reference 
frames using volts/Hertz control. The stator reference frames model has not been derived 
herein; it is available in References 14 and 32. Figure 9.2 shows the major subsystems of 
the induction machine model. Moving from left to right in the figure, the per unit speed 
reference is compared with the motor’s actual speed in order to provide the input for the 
speed controller. The speed controller provides a slip value that is summed with the rotor 
speed. The slip and rotor speed are multiplied by the base electrical frequency in order to 
provide the input for the variable frequency source. The variable frequency source pro¬ 
vides the volts/Hertz control signals for the motor. Before the control voltages are given 
to the induction motor, they are converted from the abc reference frames to the qdO refer¬ 
ence frames. From this, the qdO currents, torque and flux are derived for the machine. 

The qdO currents are then converted back to the abc frame for plotting and analysis (the 
abc and qdO reference frames are discussed in Reference 14). The Matlab m-files for the 
motor and model are provided in Appendix A. 

Figure 9.3 shows the steady-state operating characteristics of the 30-MW induc¬ 
tion motor. Notice the high starting stator current that is present when the motor starts 
from standstill. Also note that this particular motor has a maximum operating efficiency 
greater than 95%. As is the case with all induction motors, this motor is most efficient 
when it is operated at or near its rated speed. Figure 9.4 shows the volts/Hertz control 
curve for this control method. The curve illustrates the change in voltage required as the 
frequency is changed. The volts/Hertz ratio has to remain constant for this control 
method. 
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Initialize 
and plot 


Figure 9.2. Simulink model of a 30-MW induetion motor drive (After 

Ref 32.) 






Figure 9.3. Steady-state operating eharaeteristies of the 30-MW induetion motor 
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Figure 9.4. Volts/Hertz control curve 

3, Simulation Results 

The simulation consisted of two parts. The first part simulated the motor under 
changing load conditions. The motor was started from standstill loaded at various times 
during the simulation timeframe. The second part simulated the motor’s response to 
changing speed commands. The motor was un-loaded for the second part of the simula¬ 
tion. In each case, similar results from a 15-kW motor from Reference 32 were com¬ 
pared to the results from the 30-MW motor. To demonstrate the motor’s response to 
changing load conditions, the motor’s drive frequency was held constant while the load 
torque was changed. Figure 9.5 is a plot of the motor’s load versus time. Figure 9.5 
shows how the motor’s load was changed during the 30-MW motor simulation. A simi¬ 
lar load curve was used in the simulation of the 15-kW machine. 
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Plot of load torque versus time 
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Figure 9.5 Applied motor load during simulation 

a. 15-KWMotor Control with Changing Load 

For this simulation, the load was first applied at t = 0.75 seeonds. From 
t = 0.75 seeonds to t = 1.5 seeonds, the load was eyeled from zero to Trated, from Trated to 
0.5xTrated and from 0.5xTi.ated baek to zero, where Trated is the motor’s rated torque. Fig¬ 
ures 9.6 and 9.7 show the simulation results from the 15-kW motor. The first graph in 
Figure 9.6 is the motor’s eommanded speed value in per unit. The seeond graph in Fig¬ 
ure 9.6 is the motor’s rotational speed in per unit. The motor was able to follow its speed 
eommand under the ehanging load eonditions. The third graph in Figure 9.6 shows the 
phase voltage as the load is ehanged. The phase voltage remained nearly eonstant as the 
load was ehanged. The phase eurrent, torque, and stator flux are shown in Figure 9.7. 
The first graph in Figure 9.7 shows the stator phase current. The phase current remained 
uniform just as the stator voltage did, with the exception of small fluctuations during load 
changes. The electromagnetic torque is shown in the center graph of Figure 9.7. Load 
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changes are elearly visible on the torque graph. The third graph in Figure 9.7 shows the 
stator flux. The flux also remained nearly eonstant during load ehanges. 



Time in sec 


Figure 9.6. 15-kW motor simulation results (From Ref. 32.) 
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Figure 9.7. 15-kW motor simulation (From Ref. 32.) 


b. 30-MWMotor Control with Changing Load 

The simulation results from the 30-MW motor simulation under changing 
load conditions are shown in Figures 9.8 through 9.13. The plots have been placed in 
separated graph windows in order to provide greater detail. During the description that 
follows, the graphs from the 15-kW motor simulations from Reference 32 can be referred 
to for comparison purposes. 

Figure 9.8 shows the motor’s speed command while Figure 9.9 shows the 
motor’s speed. The fluctuations in Figure 9.9 at t = 0.75 and t = 1.5 seconds are due to 
the initial loading and final unloading of the motor, respectively. Except for the fluctua¬ 
tions, this type of control is very effective at maintaining the motor’s speed during chang¬ 
ing load conditions. Figure 9.10 shows the motor’s phase voltage under loaded condi¬ 
tions. Like the 15-kW motor, the phase voltage in the 30-MW motor is uniform except 
for slight variations during load changes. The phase current is shown in Figure 9.11. It 
too is nearly uniform during changing load conditions. Figure 9.12 is a plot of the mo- 
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tor’s torque. The torque response to speed ehanges was not as fast as it was for the 15- 
kW motor. This was expected since the 30-MW motor is much larger. The flux is shown 
in Figure 9.13. Notice that it did not remain constant during the simulation. Again, this 
was expected because of the motor’s increased size. 


Reference speed versus time 



Figure 9.8. 30-MW motor speed command curve 
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wr/wb, [PU] 


Rotor speed versus time 



Figure 9.10. Stator RMS phase voltage response to load ehanges 
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Stator rms phase current versus time 



Figure 9.11. Stator RMS phase eurrent response to load ehanges 


Torque versus time 



Figure 9.12. Torque response to load ehanges 
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Flux versus time 
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Figure 9.13. Flux response to load ehanges 

c. 15 kWMotor Control with Changing Speed 

In order to demonstrate speed eontrol, the motor’s speed was adjusted un¬ 
der no-load eonditions. Figures 9.14 and 9.15 show the simulation results for the 15-kW 
motor. The first and seeond graphs in Figure 9.14 are the eommanded speed and aetual 
speed, respeetively. The third graph in Figure 9.14 is the motor’s phase voltage. Notiee 
that the phase voltage returned to approximately zero when the motor’s direetion was 
ehanged. Figure 9.15 provides the motor’s phase eurrent, torque, and flux. The eurrent 
was uniform exeept when the motor was ehanging direetions. During direetion ehanges, 
the eurrent fluetuates around zero just as the voltage did. This was due to the zero eross- 
ing of the speed eommand eurve. The torque eurve elearly indieates the times of the 
speed ehanges. The flux is shown in the third graph of Figure 9.15. It remained eonstant 
exeept during ehanges in the direetion of rotation. 
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d. 30-MWMotor Control With Changing Speed 


Figures 9-16 through 9-21 provide the results of simulating the 30-MW 
motor under ehanging speed eonditions. Figure 9-16 is the eommanded speed for the 
motor and figure 9.17 is the rotor’s aetual speed as the eommanded speed is varied. For 
un-loaded eonditions, the rotor speed followed the commanded speed very closely. Fig¬ 
ure 9.18 gives the phase voltage response to the speed commands. During the initial 
change in the direction of rotation, the phase voltage reduced to nearly zero and then re¬ 
turned to the steady state value. When the direction of rotation reversed again, the phase 
voltage leveled off, but did not become zero. Again, this was due to the motor’s large 
rating. The motor’s phase current is shown in figure 9.19. The phase current has the 
same pattern as the phase voltage. Figure 9.20 shows the torque as the speed was 
changed. The speed changes are clearly visible on the torque curve. The torque curve for 
the unloaded motor is much more responsive than the one for the loaded motor. Finally, 
figure 9.21 shows the change in flux as the speed command was changed. Like the phase 
current, the flux was relatively uniform with the exception of fluctuations during speed 
changes. 
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Stator rms phase voltage versus time 



^ure 9.18. Stator RMS phase voltage response to speed ehanges 


stator rms phase current versus time 



Figure 9.19. Stator RMS phase eurrent response to speed ehanges 
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Figure 9.20. Torque response to speed ehanges 


Flux versus time 



Figure 9.21. Flux response to speed ehanges 




B, CHAPTER IX CONCLUSION 


This chapter has presented the results of a volts/Hertz controlled, 30-MW induc¬ 
tion motor simulation and compared them to a 15-kW motor simulation from Reference 
32. The simulation was intended to demonstrate the volts/Hertz control method and pro¬ 
vide a description of motor operation under changing load and changing speed condi¬ 
tions. Important motor characteristics including phase voltages, currents, speed, flux and 
torque were plotted and briefly discussed. The simulation results are qualitatively similar 
to those obtained from the 15-kW machine. There are differences in the simulation re¬ 
sults due to the size differences of the two motors. Due to the speed fluctuations and the 
torque pulsations noticed in the 30-MW simulation, the volts/Hertz control method is not 
sufficient for large machines requiring precise control. Also, the 30-MW motor is a ficti¬ 
tious motor with variables such as size, power rating, speed of rotation, inductive and re¬ 
sistive eomponents that were chosen to provide a good effieiency and informative simula¬ 
tion results. Less than perfect component seleetion and other motor parameters also con¬ 
tributed to the differences. 

The simulation is relevant to the Navy and to NPS since the Navy will be using 
electric propulsion in future ships. Further development of the model to include more 
advanced control methods would benefit anyone desiring to study electrie machines. 


C. SUGGESTIONS FOR FUTURE WORK 

The Power Program at the Naval Postgraduate School (NPS) provides a good 
background on the theory of electric machines; however, the control methods that are dis¬ 
cussed are limited to stability and frequency response studies. The model and results 
presented in this chapter provide a foundation for possible future study and further devel¬ 
opment. Suggestions for future study include the simulation of an induction machine us¬ 
ing PWM or PFM control, simulation of a synchronous machine to include an HTS ma¬ 
chine, and a simulation involving a DC homopolar machine. Once developed, the models 
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suggested here could be employed in power classes to demonstrate the properties and 
control of electric machines. 
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X. THESIS CONCLUSION 


A. PURPOSE 

The purpose of this thesis was to conduct an evaluation of the electric propulsion 
options being considered for the U.S. Navy’s newest electric ships. Although much of 
the material in this thesis has been evaluated before, it has not all been included in a sin¬ 
gle document as it is here. This is a great benefit to anyone desiring to improve their 
knowledge of the Navy’s electric ship program. 


B, THESIS OVERVIEW 

Four different motors were examined in this study and they included the induc¬ 
tion, synchronous, HTS synchronous, and DC homopolar motor. Each motor has advan¬ 
tages and disadvantages when being considered for ship propulsion. Podded propulsion 
was briefly reviewed and its potential benefits were discussed. The Navy’s IPS program 
was described and performance-testing results were presented. The test results positively 
confirmed the IPS concept. The final chapter provided the results of an induction motor 
simulation under changing load and speed conditions. Simulation results revealed that 
the volts/Hertz-control method is not sufficient for large motors requiring precise control. 
More advanced control methods are needed for large motors. The model can be further 
developed for possible use in NPS power classes. Table 10.1 provides a brief summary 
of the most important characteristics relating to the motors discussed in this study. As the 
table indicates, the permanent magnet motor appears to be the best propulsion option 
when considering fully matured technology. The permanent magnet motor is smaller and 
weighs less than a comparatively sized induction motor. This supports the Navy’s deci¬ 
sion to use the permanent magnet motor to provide propulsion in the DD(x). The super¬ 
conducting motors offer significant volume advantages over the conventional machines. 
HTS synchronous motor technology is advancing rapidly with the 25 MW motor being 
produced by AMSC. Progress is being made on the SDCHM, but the unavailability of 
brush technology is still the largest barrier for this motor. 
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Induction 

(AIM-20MW) 

Permanent 

Magnet (Jeu- 

mont axial flux) 

HTS Synchro¬ 
nous (25 MW) 

DC Homopolar 

(GA Advanced, 

19MW) 

Efficiency 

(100% speed) 

97% 

97% 

97.5 % 

Not Available 

Weight (tons) 

70 

65 

60-70 

61.2 

Volume (m^) 

18.5 

17.2 

11.3 

15 

Technology 

Mature 

Mature 

Developing 

Developing 


Table 10.1. Comparison of properties for propulsion motors in the 19-25 MW 

power range. 
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APPENDIX A 


The induction machine m-file that was used to load the induction machine’s parameters 
for modeling purposes is provided below. The next m-fde was used to make speed and 
load changes during the simulation. 

% Parameters for 30 MW induction motor 

clear all 
close all 
Sb = 40e3*746; 

Vrated = 4160; 
pf= 0.953; 

Irated = Sb/(sqrt(3)*Vrated*pf); 

P= 12; 
firated =15; 

wb = 2*pi*frated; 
we=wb; 
wbm = 2*wb/P; 

Tb = Sb/wbm; 

Zb=Vrated*Vrated/Sb; 

Vm = Vrated*sqrt(2/3); 

Vb=Vm; 

Tfactor = (3*P)/(4*wb); 

srated=0.0287; % rated slip 
Nrated = 130; % rated speed in rev/min 
wmrated=2*pi*Nrated/60; % rated speed in rad/sec 
Trated = Sb/wmrated; % rated torque 
iasb= 3939; % rated rms phase current 


% rating in VA 

% rated line-to-line voltage in V 
% rated power factor 
% rated rms current 
% number of poles 
% rated frequency in Hz 

% base electrical frequency 

% base mechanical frequency 
% base torque 
%base impedance in ohms 
% magnitude of phase voltage 

% factor for torque expression 


rs = 51e-2; 
xls = 6.43e-2; 
xplr = xls; 
xm = 82.6e-2; 
rpr = 52e-2; 

xM = l/(l/xm + 1/xls + 1/xplr); 

J = 140e7; % rotor inertia in kg 

H = J*wbm*wbm/(2*Sb); 

D omega = 0; 


% stator wdg resistance in ohms 
% stator leakage reactance in ohms 
% rotor leakage reactance in ohms 
% stator magnetizing reactance in ohms 
% referred rotor wdg resistance in ohms 


m2 

% inertia constant in sec 
% rotor damping coefficient 
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% 30 MW induction motor drive using volts/Hertz control (After Ref 32) 

clear all; % clear the memory 

close all; % close all figures 

p30mw % file for motor parameters 

% Calculation of torque speed curves 

vas = Vrated/sqrt(3); % rms phasor voltage 

we = wb; % excitation frequency 

xls = (we/wb)*xls; % reactances at excitation frequency 

xplr = (we/wb)*xplr; % reactances at excitation frequency 

xm = (we/wb)*xm; % reactances at excitation frequency 

xM = l/(l/xm + 1/xls + 1/xplr); 

xs = xls + xm; % stator self reactance 

xr = xplr + xm; % rotor self reactance 

xsprime = xs - xm*xm/xr; % stator transient reactance 

% Thevenin's equivalent 

vth = abs((j*xm/(rs + j*(xls + xm)))*vas); 

zth = (j*xm*(rs + j*xls)/(rs + j*(xls + xm ))); 

rth = real(zth); 

xth = imag(zth); 

% Compute rotor resistances 

rprl = sqrt(rth^2 + (xth + xplr)^2); % rotor resistance for max torque at s=l 

% determine smaxt for fixed voltage supply case 
smaxt = rpr/rprl; 

%set up vector of rotor resistances 
rprv = [rpr]; 

Nrr=length(rprv); 
s = (l;-.02:.02); 

N=length(s); 
for n=l:N 
sn = s(n); 

wr(n)=2 * we * (1 -sn)/P; 
for nrr = 1 ;Nrr 
rrn = rprv(nrr); 

zin=(rs +j*xls) + j*xm*(rrn/sn + j*xplr)/(rrn/sn + j*(xm + xplr)); 
ias = vas/zin; 

Sin =3*vas*conj(ias); 
pin = real(Sin); 
pfm(nrr,n)=cos(-angle(ias)); 
iin(nrr,n)=abs(ias); 

te(nrr,n)=(3*P/(2*we))*(vth^2*rrn/sn)/((rth + rm/sn)^2 + (xth + xplr)^2); 
pe(nrr,n)=te(nrr,n)*wr(n); 
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eff(nrr,n)=100*pe(nrr,n)/pin; 
end % nrr for loop 
end % n for loop 

% add in synchronous speed values 

size(te); 

z=[0]; 

inl=vas/(rs +j*(xls+xm)); 

inlm = abs(inl); 

inla = cos(-angle(inl)); 

hn=[iin [inlm]']; 

pfin=[pfin [inla]']; 

eff=[effz']; 

te=[te z']; 

pe=[pe z']; 

s=[s 0]; 

wr=[wr 2*we/P]; 
ns = 120*frated/P; 
nr = ns*(l-s); 

N=size(wr); 

M=size(te); 

subplot(2,2,l) 

plot(wr,te(l, 

title('Torque versus Rotor Speed') 
xlabel('Rotor Speed, [rad/sec]') 
ylabel('Torque, [Nm]') 
subplot(2,2,2) 
plot(wr,pe(l, 

title('Power versus Rotor Speed') 
xlabel('Rotor speed, [rad/sec]') 
ylabel('Power, [W]') 
subplot(2,2,3) 
plot(wr,iin(l,:),'-') 

title('Stator Current versus Rotor Speed') 
xlabel('Rotor Speed, [rad/sec]') 
ylabel('Stator Current, [A]') 
subplot(2,2,4) 
plot(wr,eff(l,:),'-') 

title('Efficiency versus Rotor Speed') 
xlabel('Rotor Speed, [rad/sec]') 
ylabel('Efficiency, [%]') 

disp('Displaying Operating Characteristics in Eig. 1') 
dispC type " return" to continue'); 
print -deps -tiff figure(l).eps 
keyboard 

% determine the volts per hertz table 
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%set up vector of excitation frequency 
w = (-100:4:100); 
emb = j*iasb*xm; 
f=w/(2V); 

N = length(w); 
for n = 1 :N 
we = w(n); 

cm = abs(we)*emb/wb; 
zs = rs + j*(abs(we)/wb)*xls; 
vrms(n) = abs(em + iasb*zs); 
end 

vrms_vf = vrms; 
we_vf= w; 
elf; 

plot(f(:),vmis(:),'-') 

title('Stator Phase Voltage versus Frequency') 
ylabel('Stator Phase Voltage, [Vrms]') 
xlabel('Frequency, [Hz]') 

disp('Displaying Volts/Hertz curve, type " return" to continue'); 

print -deps -tiff figure(2).eps 

keyboard 

% Transfer to keyboard for simulation 

disp('Set for simulation to start from standstill and ') 

disp('load cycling at fixed frequency,') 

disp('return for plots after simulation by typing " return'"); 

% setting all initial conditions in SIMULINK simulation to zero 
Psiqso = 0; 

Psidso = 0; 

Psipqro = 0; 

Psipdro = 0; 
wrbywbo = 0; 

% set up speed reference signal for load cycling 
time_wref=[0 0.5 4]; 
speed_wref=[0 1 1]; % speed in per unit 
time_tmech=[0 0.75 0.75 1.0 1.25 1.25 1.5 1.5 1.75 2]; 
tmech_tmech=[0 0 -Trated -Trated -Trated/2 -Trated/2 -Trated/2 -Trated 0 0]; 
tstop = 2 
keyboard 

disp('Plot results in two figure windows') 

hl=gcf 

figure; 

plot(y(:,l),y(:,2),'-') 
title('Reference speed versus time') 
axis([-inf inf 0 1.2]) 
xlabel('Time, [sec]') 
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ylabel('wr/wb*, [PU]') 
print -deps -tiff figure(3).eps 
figure; 

plot(y(:,l),y(:,5),’-') 
title('Rotor speed versus time') 
axis([-inf inf 0 1.2]) 
xlabel('Time, [sec]') 
ylabel('wr/wb, [PU]') 
print -deps -tiff figure(4).eps 
figure; 

plot(y(:,l),y(:,3),'-') 

title('Stator rms phase voltage versus time') 

xlabel('Time, [sec]') 

ylabelCVag, [V]') 

print -deps -tiff figure(5).eps 

figure; 

plot(y(:,l),y(:,6),'-') 

title('Stator rms phase current versus time') 

xlabel('Time, [sec]') 

ylabel('Ias, [A]') 

print -deps -tiff figure(6).eps 

figure; 

plot(y(:,l),y(:,4),'-') 
title('Torque versus time') 
xlabel('Time, [sec]') 
ylabel('Tem, [Nm]') 
print -deps -tiff figure(7).eps 
figure; 

plot(y(:,l),y(:,7),'-') 
title('Flux versus time') 
xlabel('Time, [sec]') 
ylabel('|\lambda|, [V]') 
print -deps -tiff figure(8).eps 
dispCSave plots in Figs 1 and 2') 

dispCSimulation now set for speed cycling at no_load,') 

disp('return for plots after simulation by typing " return'"); 

time_wref=[0 0.25 0.5 1.0 1.25 1.5]; 

speed_wref=[0 0.5 0.5 -0.5 -0.5 0]; 

time_tmech=[0 4]; 

tmech_tmech=[0 0]; 

keyboard 

figure; 

plot(y(:,l),y(:,2),'-') 
axis([-inf inf -1. 1.]) 
title('Reference speed versus time') 
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xlabel('Time, [sec]') 
ylabel('wr/wb*, [PU]') 
print -deps -tiff figure(9).eps 
figure; 

plot(y(:,l),y(:,5),’-') 
axis([-inf inf -1. 1.]) 
title('Rotor speed versus time') 
xlabel('Time, [sec]') 
ylabel('wr/wb, [PU]') 
print -deps -tiff figure(10).eps 
figure; 

plot(y(:,l),y(:,3),'-') 

title('Stator rms phase voltage versus time') 

xlabel('Time, [sec]') 

ylabelCVag, [V]') 

print -deps -tiff figure(l l).eps 

figure; 

plot(y(:,l),y(:,6),'-') 

title('Stator rms phase current versus time') 

xlabel('Time, [sec]') 

ylabel('Ias, [A]') 

print -deps -tiff figure(12).eps 

figure; 

plot(y(:,l),y(:,4),'-') 
title('Torque versus time') 
xlabel('Time in sec') 
ylabel('Tem, [Nm]') 
print -deps -tiff figure(13).eps 
figure; 

plot(y(:,l),y(:,7),'-') 

axis([0 2 0 4000]) 

title('Flux versus time') 

xlabel('Time, [sec]') 

ylabel('|\lambda|, [V]') 

print -deps -tiff figure(14).eps 

dispCSave plots in Figures 1 and 2') 

disp('return to exit'); 

keyboard; 
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